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ABSTRACT 
As scientific and technological advances impact on medical care, there has been a specific demand 
for low-cost, miniaturised diagnostic devices for use in GP surgeries and in the home. These so-called 
point-of-care (POC) technologies have been hailed as important for the future of medical treatment, 
not only in the developed world but also in the developing world where a highly portable format of 
diagnostic technology could revolutionise treatment methods. Removing the need for patient 
samples to be sent away for laboratory analysis speeds up the diagnosis procedure and allows for 
more immediate treatment, leading to greatly improved recovery rates for time-critical diseases.  
 
Many current POC devices utilise luminescence-based bioassays owing to their high sensitivity and 
quantitative capabilities and there is an urgent demand for new high performance luminescent 
labels suitable for use in these integrated bioassay technologies. Advances in organic light emitting 
materials along with microfluidic technologies have added to the promise of developing low-cost 
POC devices.  
 
 This work has focussed on two promising long-lived, highly luminescent compounds: a ruthenium(II) 
complex and an inorganic silicate. Surface modification studies and size analysis of the inorganic 
silicate particles were carried out and the resulting photophysical properties assessed. Ruthenium 
dye-doped polymer beads were prepared using a facile precipitation method and a number of 
different polymer encapsulants tested. The effect of encapsulation on the photophysical properties 
of the dye was investigated and time-gated detection studies performed on the optimal beads. 
Luminescence lifetime measurements and SEM imaging were also used to characterise the particles. 
This work represents the first known use of polystyrene/ bisphenol A diglycidyl ether as a host 
matrix for luminophores to form highly photostable beads readily excited by low cost LEDs. 
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Introduction 
 
This chapter provides an introduction to the growing area of miniaturised point-of-care technologies 
for diagnostic applications. An introduction to immunoassays is provided, including the mechanisms 
involved in the detection of biomolecules. Future technology is discussed, with particular reference 
to the use of fluorescence spectroscopy and specific criteria that must be met for successful 
miniaturisation including the use of novel light sources, detectors and detection electronics. The role 
and ongoing importance of developing new luminescent labels for miniaturised analysis is also 
described.  
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1 INTRODUCTION & BACKGROUND 
1.1 Diagnostics 
Over the last century new scientific and technological developments have had an explosive impact 
on many fields, especially in medicine where new practices and procedures have been delivered to 
frontline patient care, revolutionising medical knowledge and treatment. Medicine has benefitted 
from contributions in a diverse range of disciplines – from space research with the integration of 
robotics1 and biomedical engineering,2 to chemistry with the development of biodegradable 
polymers for tissue engineering.3 
 
Diagnostics has been an area which has been influenced greatly, evolving from colorimetric 
laboratory tests in the 1940s and the development of the radioimmunoassay in the late 1950s to 
high-throughput bench-top instruments and portable devices over the last few decades. Diagnostics 
is a growing field in both public and private healthcare. Across the NHS, pathology departments run 
over 500 million biochemistry tests and 130 million haematology tests each year in England alone, 
growing at a rate of 10 % per annum.4 To meet demand while upholding the quality of service 
provided, diagnostic practice is turning to low-cost, time-saving solutions with a growing number of 
government or industrially funded research projects being carried out in this area.5-9 The challenge is 
to create user-friendly technology which can quickly and reliably test patient samples while being 
low-cost and amenable to mass-manufacture; the so-called “lab-on-a-chip”. 
 
1.2 Point-of-Care Technology 
A key focus of scientific and technological development has been improved speed and accuracy of 
patient diagnosis to enable the swift and effective treatment of diseases. As part of this, there has 
been a growing demand for low-cost, miniaturised diagnostic devices for use at the patient bedside, 
by GPs and at home. These so-called point-of-care (POC) technologies have been hailed as important 
for the future of medical treatment, not only in the developed world but also in the developing 
world where a highly portable format of affordable diagnostic technology could revolutionise 
treatment methods. In the developed world removing the need for patient samples to be sent away 
for laboratory analysis speeds up the diagnosis procedure and allows for more immediate treatment, 
leading to improved recovery rates for time-critical diseases. This contribution to better healthcare 
by POC technologies has been recognised by the healthcare community including the NHS and Royal 
College of Pathologists.10, 11 
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POC devices have been a familiar concept for many years with pregnancy test kits and home glucose 
monitors for diabetes sufferers being readily available in the public domain. Techniques that would 
allow better on-the-spot diagnosis in GP surgeries offer a practical way of relieving the workload on 
overburdened hospitals. Patient monitoring at home, by self or a nurse, is also of growing interest as 
a way of improving health and lowering readmission rates.12, 13 POC technologies are not only limited 
to the medical diagnostics domain, with additional applications in for example drug testing and 
forensic analysis screening. 
 
The dawn of micro and nanotechnology in the last fifty years has given rise to extensive work in 
miniaturisation, with lab-on-a-chip systems attracting tremendous interest in research communities. 
A miniaturised total analysis system for chemical/biological detection was first proposed almost 
twenty years ago.14 The potential of such technology when applied to healthcare is considerable15 
and a number of companies have developed novel POC devices, including Roche Diagnostics Ltd and 
Siemens. Many current POC devices utilise luminescence-based bioassays owing to their high 
sensitivity and quantitative capabilities (Figure 1-1), and there is an urgent demand for new high 
performance luminescent labels, implementation platforms, light sources, detectors and 
instrumentation suitable for use in these integrated bioassay technologies.16, 17  
 
 
Figure 1-1: Two cardiac  biomarker POC devices (left) The Triage-Meter Plus by Biosyn Diagnostics UK Ltd from 
Reference 18  and (right) the Cardiac Reader by Roche Diagnostics Ltd from Reference 19 
 
It is recognised that the design of these specialised devices is highly interdisciplinary, requiring a 
wide knowledge spanning the biological sciences, engineering and the physical sciences.20 As interest 
grows in developing handheld POC devices, researchers have looked to using cutting-edge ideas to 
aid miniaturisation including microfluidics,21 smart fabrics,22 novel organic and inorganic light 
sources23 and photodetectors.24, 25 
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1.3 Immunoassays 
One important diagnostic format is that of the immunoassay, a biochemical test which measures the 
concentration of a substance (the analyte) in biological media (blood, saliva or urine). Immunoassays 
exploit the highly specific interactions between antibodies and antigens which bind together to form 
an immunocomplex. Immunoassays are widely viewed as “the gold-standard” in clinical pathology 
tests20 and are used both in existing POC devices and in developing technologies which will shape 
the future of healthcare. The development of assay cassettes and chips for use in POC devices has 
attracted a lot of attention in recent years and has demonstrated the applicability of immunoassays 
to reliable miniaturised diagnostic formats.26  
 
1.3.1 Antibodies, Antigens and Analytes 
Antibodies are proteins from the immunoglobulin family which are produced by the immune system 
in response to a foreign body or attack. Antigens are proteins which promote the release of 
antibodies. The most common type of antibody is immunoglobulin G (IgG). IgG is a flexible Y-shaped 
protein whose structure can be divided into two parts, as seen in Figure 1-2. The fragment antibody 
binding (Fab) region selectively binds to antigens in a ‘lock and key’ type interaction and the 
fragment crystallisable (Fc) region can be used to immobilise and modulate the antibody.  
 
 
Figure 1-2: The structure of an IgG antibody 
 
In general, the immunoassay can be implemented such that the analyte is either the antigen or the 
antibody. Owing to the highly specific binding between antibodies and antigens, this binding event 
can be used to generate a highly specific signal which is proportional to the analyte concentration. 
At high concentration, bound antibodies and antigens visibly precipitate out of solution, but in a 
small patient sample these proteins are not present in high enough concentration for this binding to 
be observed and thus alternative ways of detecting this binding event are necessary.27   
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1.3.2 Immunoassay Methodology 
A number of different immunoassay formats exist and these will be discussed briefly here. A good 
introduction to immunoassay theory is provided in the Learning Guide on Immunoassays by Abbott 
Laboratories28 and in Wild’s The Immunoassay Handbook.29 As mentioned previously, the specific 
binding between antibodies and antigens provides a quantitative means of determining the 
concentration of an analyte. The antigen specifically binds to immobilised antibodies and, once 
bound, can be detected by the binding of a secondary antibody, often referred to as a detection 
antibody. A simplified schematic of this process is shown in Figure 1-3 using unlabelled species. 
 
 
Figure 1-3: A schematic showing a simple sandwich type immunoassay illustrating the specific binding between 
antibodies and antigens 
 
Immunoassays can be described as either “competitive” or “non-competitive”. In competitive 
assays, the analyte of interest (typically an antigen) is unlabelled, and competes with labelled 
analyte to bind to antibodies. If unlabelled analyte is bound to the antibody, this prevents labelled 
analyte from binding to that site because it is already occupied. The sites are washed to remove any 
unbound analyte and the signal measured. The lower the label signal, the more unlabelled analyte is 
bound and thus an inversely proportional relationship between signal and analyte concentration is 
monitored. In a non-competitive assay, sometimes referred to as a sandwich assay, analyte (again 
typically an antigen) is bound by two antibodies one of which is attached to a substrate. Non-
competitive assay formats are more sensitive and more specific and thus widely used for measuring 
analytes for critical diagnostics such as cardiac markers in myocardial infarction cases.30, 31 
 
To measure the concentration of analyte present in a sample, there are two options: label-free and 
labelled. Either route produces a measurable change in signal, which is either qualitative or 
quantitative. Examples of label-free immunoassays include electrochemical signals, such as the 
voltammetric measurement employed by Kerman et al. which enabled 20 pM detection of human 
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chorionic gonadotropin in urine samples.32 Also, the measurement of changes in refractive index by 
surface plasmon resonance can be used; Mayer et al. demonstrated the use of gold nanorod 
substrates producing signals sensitive to antibody-antigen binding on the surface.33 Despite the fact 
that some label-free methods have been shown to be highly sensitive, they have not found wide use 
in a clinical setting owing to the complexity of the detection systems.33 
 
In clinically used immunoassays, labels are commonly tethered to antibodies but can sometimes be 
tethered to antigens, especially in the case of competitive assays. In the preferred non-competitive 
format the secondary antibodies would typically be labelled. For small molecular labels, such as 
radioisotopes and organic dyes, many labels may be attached to a single antibody to maximise 
signal. For larger labels, such as some nano- and microbeads, many antibodies may be attached to 
the surfaces of the same label. These larger labels can frequently incorporate many luminophores 
into one label, thereby increasing the detection signal. There are advantages and disadvantages to 
both types: smaller labels tend not to interfere sterically with binding of the immunocomplex but 
can suffer from poor limits of detection, while larger bead-type labels can introduce steric issues and 
non-specific binding.  
 
An illustration of a non-competitive immunoassay using a labelled secondary antibody is shown in 
Figure 1-4.  
 
 
 
Figure 1-4: A diagram showing the sequence of steps occurring in a commonly used sandwich immunoassay employing a 
secondary antibody attached to a luminescent label. The schematic is not to scale. Adapted from Reference 20 
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This example shows the use of a luminescent label. Once the labelled antibody has bound to the 
immobilised antigen, an excitation source such as a laser diode or LED can be used to excite the 
label. The emission from the label can then be measured and should be proportional to the amount 
of analyte present in the sample. For this proportionality in signal to exist it is important that the 
labels are uniform in size, shape, signal intensity and surface reactivity. This ensures each label 
behaves in the same way and therefore each has an equal chance to tether to an antibody. Labels 
which aggregate or vary in shape may well introduce steric issues and therefore bind non-specifically 
in an unpredictable way. It is very important, therefore, that a label should produce a linear 
response in signal in a dilution series. Often these tests are carried out using samples on microtitre 
plates and a bench-top plate reader. This compact fluorescence spectrometer can read numerous 
samples in one go, although the machine is not portable and requires situating in a laboratory. There 
is currently much interest in developing portable fluorescence spectrometers for use in devices at 
patient bedsides or in surgeries.  
 
1.3.3 Detection Signals 
As noted above, detection is most commonly achieved through the use of a label (sometimes 
referred to as a marker or tag); not only should the label indicate binding has occurred, but also, 
preferably, allow for the measurement of analyte concentration. This label will be attached to the 
antibody or antigen, through the use of a linker molecule. A number of different labels exist for use 
in diagnostic immunoassay detection. This section will provide an overview of different labels 
available and address some of the advantages and drawbacks of commonly used approaches.  
 
1.3.3.1 Radioactivity 
Radioisotope labels, such as 125I, were the first label type to find widespread clinical application for 
immunoassays owing to their low limits of detection, low background signal and small label size. The 
importance of these labels was highlighted by the award of the Nobel Prize in Medicine for work on 
radioimmunoassays in 1977.34 Radioimmunoassays can detect levels of analyte down to a few 
micrograms per litre35 and require the use of bench-top scintillation counters to measure the gamma 
radiation emitted from the label bound to the analyte (see Figure 1-5).  
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Figure 1-5: The Hidex 300 SL Automatic TDCR Liquid Scintillation Counter for use with radioimmunoassay from 
Reference 36 
 
Owing to the radioactive nature of the labels, users are required to obtain licences for work and take 
special safety precautions with reagent handling, disposal and decontamination of vessels. 
Radioisotopes also have a limited shelf life owing to the isotopic decay. Because of these drawbacks 
and the expenses they incur, alternative labels have been increasingly sought over the last 40 years. 
Miniaturisation of the detection equipment required for such samples is highly complicated and as 
such, radioisotopes do not lend themselves easily to portable point-of-care diagnostic applications 
 
1.3.3.2 Enzymes 
Enzyme immunoassays and enzyme-linked immunosorbent assays (ELISAs) received growing interest 
as an alternative to radioimmunoassays since their inception in the 1960s.37-39 An enzymatic assay 
normally uses a non-competitive format where the detection antibody is bound to an enzymatic 
label, such as alkaline phosphatase37 or horseradish peroxidise.40 Once unbound antibody linked to 
the enzymatic label is washed away, a reagent (called the enzyme substrate) is added to the sample 
to interact with the enzyme and produce a colour change (see Figure 1-6). This colour change can be 
detected by measuring the optical density (OD) on a plate reader.  
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Figure 1-6: A schematic showing the sequence of steps in a non-competitive enzyme-linked immunosorbent assay 
(ELISA) 
 
Qualitative colorimetric changes have been the most common signal from ELISAs, useful for quality-
control tests in industry and for home pregnancy tests, although a move towards quantitative signals 
is increasingly seen in the literature. Combining ELISAs with luminescent labels has been the subject 
of much development recently in order to provide quantifiable results.41-44 Enzyme-based 
immunoassays require addition of reagents and washing steps throughout, making them more 
difficult to translate into smaller, portable devices. Also, the qualitative or semi-quantitative result 
from an enzymatic assay means that application of this format is not preferred for highly critical 
diagnostic platforms such as cardiac markers. 
 
1.3.3.3 Luminescence 
Luminescence assays can match and even better the sensitivity of radioimmunoassays.45 The first 
luminescent labels were based on organic aromatic compounds with appropriate reactive groups for 
binding to the desired biomolecule.46 As assay development progressed, greater sensitivity was 
sought by developing fluorophores that emit outside the spectral region where autofluorescence of 
biological media occurs and backgrounds are therefore low. Alternatives were then investigated 
which led to the development and use of long-lived, highly emissive lanthanide chelates for labelling 
purposes.47, 48 In more recent years, luminescent micro- and nanospheres have been developed 
which contain many fluorophore molecules to enhance signal intensity per binding event and thus 
improve the sensitivity. There has also been a trend to develop labels which can use visible (rather 
than UV) excitation sources, unlike lanthanide labels, opening up more attractive possibilities for 
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miniaturising systems using low-cost inorganic light-emitting diodes (LEDs) and potentially utilising 
polymer LED (pLED) or organic LED (OLED) excitation sources.16, 49-51 Luminescent labels are discussed 
in more detail in Section 1.5. 
 
1.4 Towards Miniaturisation of Diagnostic Formats 
A number of obstacles must be overcome in order to create usable POC devices for general use. A 
number of criteria and considerations for miniaturising diagnostic formats are discussed in this 
section. 
 
1.4.1 Assay formats 
A variety of assay formats are currently being researched for application in miniaturised devices. 
Lateral-flow immunoassay formats have typically achieved greatest commercial application, because 
they are inexpensive, simple to manufacture and are user-friendly.52, 53 Examples of these 
chromatography-based diagnostic tests include pregnancy tests and drug tests. Lateral-flow 
immunoassays feature a test strip with a solid substrate through which the sample flows by capillary 
action, encountering enzymatic labels as it progresses. Certain zones of the substrate have 
immobilised capture proteins and when the sample, tethered to an enzyme label, reaches these 
zones an immunoassay takes place and immunocomplexes are formed in the presence of enzyme 
substrates. Coloured lines appear when the enzyme labels interact with the substrate in certain 
zones, thus the signal is a colorimetric one, producing a qualitative result. Either this colorimetric 
signal can be read and compared with known line combinations or the test strip can be inserted into 
a device and the lines read. Lateral-flow immunoassays have been mainly associated with qualitative 
results owing to low sensitivity, although recent progress has seen the production of semi-
quantitative and quantitative assays by the implementation of labels apart from enzymes.54 
 
Obviously quantitative assays are preferable with as low a limit of detection as possible. In order to 
achieve this, the labelling system used must be optimised to maximise signal and minimise 
background interferences. Often the assays will exist as a cassette which can be inserted into a 
permanent detection unit. These cassettes must have a good shelf life and ideally need only the 
addition of a patient sample (with all reagents being pre-loaded at the point of manufacture). This 
allows for general use by healthcare specialists (or patients) without the need for technically trained 
scientists.  
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1.4.2 Detection Formats 
On the detection front, the unit should ideally be handheld to enable use in a variety of settings, 
from patient bedsides for POC devices to battlefields and crime scenes for analytical forensic 
devices. The electronics should be self contained and user-friendly without the need, once again, for 
detailed technical knowledge. Optical detection systems have proved most promising in this respect, 
with the measurement of optical density (OD) or fluorescence signal having greatest success so far.55 
In terms of luminescence-based assays, ensuring good matching between spectral characteristics of 
the label and those of the excitation and detection sources is key. The intensity of light-emission 
from the excitation source should be as high as possible in order to maximise label signal, with as 
narrow a linewidth as possible to enable easier detection. 
 
1.4.2.1 Excitation Source & Detector Materials 
In order to minimise the size of the detection units there is increasing interest in using organic 
semiconductor based light sources and detectors combined with microfluidic channels. One problem 
with using such light sources is the long wavelength tail of pLEDs. The tail often overlaps with the 
emission from the fluorescent label, as shown in Figure 1-7, and thus causes difficulties in obtaining 
highly sensitive fluorescence measurements, necessitating effective filtering strategies (see 1.4.2.3). 
 
 
Figure 1-7: (left) Photograph of a pLED and the flexibility of substrate possible (right) Overlap between long tail of pLED 
excitation source and fluorophore emission 
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The use of pLED excitation sources also requires labels which can be excited in the visible region, as 
deep blue OLEDs typically have very short operating lifetimes (see Figure 1-8). 
 
 
Figure 1-8: Photoluminescence emission of a deep blue pLED showing degradation after 1 minute of use 
 
Low-cost inorganic LEDs are widely available and readily used in miniaturised detection devices, 
where their stability and brightness compared to pLEDs make them well-suited to time-resolved 
applications where rapid pulsing of the light source is required. Silicon detectors are the standard 
type of photodetector used, readily lending themselves for use in miniaturised systems owing to 
their compact size, low cost and spectral response – capable of detecting in the whole of the visible 
region and even into the near-infrared (NIR). A wide range of organic photodetector materials are 
available because of the popular development for new polymers for solar applications. With a 
growing trend for producing polymer systems which absorb in the NIR, these materials hold great 
future promise for use in diagnostic devices where NIR labels are of increasing interest. 
 
1.4.2.2 Component Geometry 
Owing to the small analyte volumes in diagnostic assays, highly sensitive detection formats are 
required especially with increasing interest in device miniaturisation. Fluorescence is notably often 
chosen for its high sensitivity and compatibility with immunoassays. As a result, much work has been 
carried out to optimise optical components for fluorescence systems, not just the “active” 
components such as light sources and detectors but also the “passive” components such as 
polarisers and filters. Often it is the passive components which limit the overall sensitivity of devices. 
 
Conventional fluorescence detection is performed by measuring the emission signal orthogonally to 
the excitation source to avoid the detector from being saturated by excitation light. This geometry is 
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not ideal for miniaturised devices utilising microfluidics, where a face-on geometry for the light 
source and detector would be preferential with the two components lying on the top and bottom 
faces of the reagent channel (see Figure 1-9). A few examples exist in the literature of orthogonal 
microfluidic channel detection;56-58 however, solutions to implementing a parallel geometry 
dominate research in this field. 
 
 
Figure 1-9: Typical set-up for a reagent channel with light source and detector in a face-on geometry 
 
The question then arises of how to avoid having the photodetector flooded by the excitation light 
and thus dwarfing the weak label signal. The use of a long-pass filter, between the photodetector 
and reagent channel, is currently the most realistic solution, screening the shorter wavelength 
excitation while allowing the longer-wavelength label signal to reach the detector.55 The use of 
filters is discussed in more detail in 1.4.2.3.  
 
1.4.2.3 Filters 
Research into using optical filters with fluorescence detection with this type of face-on set-up has 
been carried out.56, 59 Long-pass filters can be used in front of the detector to block out the excitation 
light, allowing only the longer wavelength emission to be detected. For applications using OLEDs, 
short-pass filters are also of interest in between the LED and chip to sharpen the OLED emission. In 
the majority of cases, these short and long-pass filters are not monolithically integrated which can 
lead to poor detection of the signal.56  
 
Effective filters in POC devices must also be low-cost and able to be mass-manufactured with ease. 
Highly effective interference filters, with sharp transitions are made by layering materials with 
different refractive indices on top of each other. Unfortunately, despite their desirable optical 
properties interference filters are expensive owing to the intricate nature of their production. 
Inexpensive filters are typically based on colour filters, created easily by dispersing a dye or pigment 
Chapter 1    Introduction 
 
32 
 
throughout a host material. Although a wide range of colour filters have been developed they tend 
to suffer from autofluorescence,59 and with low analyte concentrations leading to weak fluorescence 
signals, autofluorescence can potentially obscure the label signal entirely. Therefore, as well as 
possessing desirable transmission properties the materials used in colour filters must not be 
emissive in themselves.55 Another drawback of colour filters is that typically they do not possess 
sharp transitions, resulting in either some excitation light reaching the detector or part of the label 
emission being suppressed, both outcomes resulting in loss of the weak label signal and therefore 
reduced sensitivity. With this in mind, there are ways to avoid this loss of signal when using filters by 
developing luminescent labels which exhibit long Stokes’ shifts. Alternatively, by using time-resolved 
detection the need for filters can be circumvented. These possibilities will be discussed more in the 
next section.  
 
1.5 Development of Luminescent Labels 
This section will detail the current methodologies used to develop luminescent labels, with particular 
emphasis on immunoassay applications. Properties of these labels will be discussed in relation to 
their use in miniaturised diagnostic formats, as discussed previously. 
 
1.5.1 Label Design 
A number of different strategies have been applied to label design, with increasing interest in using 
inorganic nanoparticles and self-assembled beads rather than traditional organic molecules since 
particle size, spectral properties and stability can be more easily controlled and optimised. A number 
of reviews have been compiled on this subject60, 61 and an overview of some of the different 
luminescent labels which are available or currently under research is shown in Figure 1-10. 
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Figure 1-10: A diagram showing the variety of different luminescent labels available for use in immunoassays 
 
Approximately 25 years ago, the widespread use of radioisotopes began to decline as luminescent 
labels (in particular fluorescent ones) were shown to offer a comparable sensitivity and detection 
limit for immunoassays (especially with the development of time resolved fluorimetry techniques, 
see 1.5.3.1). If the luminophore was sufficiently stable, measurements could be repeated, unlike 
with chemiluminescent labels, and the emission signal intensity could be enhanced by increasing the 
intensity of the excitation source. 
 
1.5.1.1 Organic Molecules 
Fluorescent organic molecules were the first to be employed with popular choices including 
fluoresceins, rhodamines and cyanines. The general structures of these luminophores are shown in 
Figure 1-11. 
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Figure 1-11: Structures of some common organic dyes used as fluorescent labels in immunoassays 
 
These conjugated systems can be excited with visible light sources but typically exhibit small Stokes’ 
shifts with significant overlap between absorption and emission spectra, as shown in Figure 1-12. 
This leads to difficulties in detection, requiring a detector to either have a precise absorption onset, 
not overlapped by the excitation source, or requiring the use of filters with sharp transitions. Both of 
these approaches have drawbacks and lead to a reduction in the emission signal detected, and thus 
a lower sensitivity for the assay.  
 
 
Figure 1-12: Absorption (blue) and emission (red) spectra of Rhodamine B (in ethanol) showing small Stokes’ shift and 
significant spectral overlap 
 
Organic labels also typically exhibit short luminescence lifetimes, in the order of a few nanoseconds, 
ruling out most (easily implemented) time-resolved detection methods and are prone to 
photobleaching.62 However, they can possess very high quantum yields (> 0.65) and molar 
absorbances (> 100,000 L mol-1 cm-1), making them highly desirable for label applications. Despite 
these drawbacks, organic luminophores are still in current use. Work in shielding the fluorescent 
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molecules for added stability has been of increasing interest,63, 64 with studies such as that by 
Wittmershaus et al. comparing the properties of BODIPY dyes in solution with those in polystyrene 
beads.65 They demonstrated that photodegradation of the dyes decreased with encapsulation and 
that emission and absorption spectra, along with quantum yields in most cases, remained practically 
the same.  
 
1.5.1.2 Lanthanide Labels 
Lanthanide chelates have gained much interest for use in immunoassays for time-resolved 
luminescence measurements and resonance energy transfer systems. Lanthanide chelates show 
favourable luminescence characteristics when the metal ions are chelated with appropriate ligands 
owing to the influence of their unfilled 4f orbital. The ligands act as sensitisers which then transfer 
energy to the metal ion centre from which emission occurs leading to sharp line-like emission 
spectra that are characterised by a very large Stokes’ shift as illustrated in Figure 1-13.  
 
 
Figure 1-13: Absorption (blue) and emission (red) spectra of the lanthanide chelate 4,4'-bis(1'',1'',1'',2'',2'',3'',3''-
heptafluoro-4'',6''-hexanedion-6''-yl)chlorosulfo-o-terphenyl-Eu
3+
 showing the characteristic large Stokes’ shift between 
maxima and sharp emission peak. Lanthanide chelate courtesy of Yuan et al. at the Dalian Institute of Chemical Physics, 
China 
 
Luminescence lifetimes are typically between 100 μs up to seconds depending on the lanthanide ion 
centre. Spectral properties can be tuned by changing the chelating ligands around the lanthanide 
metal centres, although absorption maxima are invariably in the UV region. Emission typically ranges 
from ~600 nm to ~1500 nm, suited to low cost silicon photodiodes and a number of new organic 
materials developed for photodiodes.66 
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Lanthanide doped inorganic nanoparticles have also attracted some attention owing to greater 
stability than chelates and organic dyes alike. Appropriate surface functionalisation of the particle 
surfaces must be achieved in order for the photostable labels to be successfully utilised in 
immunoassays.67, 68   
 
1.5.1.3 Quantum Dots 
Work is also being carried out into developing other types of label including quantum dots (QDs) 
with defined optical properties which lend themselves to potential use as fluorescent labels.69-71 QDs 
exhibit highly desirable optical properties, and controlled synthetic methods allow for easily 
reproducible batches of highly luminescent particles. Excellent control over particle size and spectral 
characteristics has made QDs highly popular over the last ten years. The nanoparticles are usually 
very small in size, typically 5-50 nm in diameter, and offer the ability to tune the optical 
characteristics by varying the particle size (see Figure 1-14). 
 
 
Figure 1-14: CdSe quantum dots of varying diameters showing spectral properties across the whole visible range, taken 
from Reference 72 
 
There is growing interest in water solubilising QDs through the introduction of hydrophilic surface 
functional groups, and successful application of these nanoparticles has been shown in 
immunoassays.73-75 Time-resolved measurements are not straight forward using quantum dots 
alone, owing to the short luminescence lifetimes (typically in the order of a few hundred 
nanoseconds) but they can be used in energy transfer systems and labelling applications. 
 
1.5.1.4 Fluorescent Polymer Beads 
Fluorescent polymer beads or spheres have been the subject of much research in the last few years 
for application in biomedical studies.76-81 These beads are inherently fluorescent owing to the use of 
conjugated polymer systems and are typically synthesised by mini-emulsion polymerisation 
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methods.  A variety of particles sizes may be obtained, comparable to those of quantum dots, and 
the beads have typically found application in cell uptake and imaging studies80 but also in energy 
transfer assays.82 
 
1.5.1.5 Dye-Doped Polymer Beads 
Over the last 10 years there has been increasing interest in developing polymeric beads which can 
encapsulate luminophores such as lanthanide chelates, heavy-metal dyes, quantum dots and organic 
fluorescent dyes. Incorporating many luminophores into one particle can increase emission 
considerably while rendering the species photostable and many examples are commercially 
available.83-86 The versatility of these self-assembled structures justifies their continued popularity in 
research and their often facile synthesis routes make them highly desirable for commercial 
applications where scalability is important. Dye-doped polymer beads allow for the incorporation of 
phosphorescent molecules, thus enabling time-resolved detection and increased sensitivity, and 
form a significant part of the work in this thesis. 
 
To date, the greatest interest has been in using dye-doped beads as sensors, using a porous host 
matrix for species sensitive to changes in pH or gases. Borisov et al. have been major contributors to 
this field, investigating a number of polymer hosts for sensor dyes.16, 87-89 Despite this interest 
though, these systems often show a strong tendency to aggregate over time,49, 50 suffer from dye 
leaching or have displayed poor photophysical stability – a property exploited in oxygen sensors but 
not one tolerated in labels for immunoassays. Existing dye-doped polymer beads which don’t exhibit 
these two drawbacks are both proprietary and expensive or require the use of UV excitation sources. 
These will be discussed in more detail in 1.5.3.2. As such, there is a need for the development of 
highly stable dye-doped polymer beads for use with visible excitation sources and which preferably 
incorporate long-lived species for use in time-resolved measurements. 
 
1.5.2 Optimal Label Properties 
Luminescent labels have been shown to possess high sensitivity enabling detection down to the 
single molecule level,45, 90-92 but in practice a number of factors tend to limit the sensitivity of 
fluorescence immunoassays (FIAs), especially when devices are miniaturised. These include stray 
light, background fluorescence from serum samples, quenching, light scattering, insufficient Stokes’ 
shift and noise in the measurement system. To minimise interference factors, a number of ideal 
qualities for luminescent labels have been identified in the literature and are laid out here.45, 49, 69 
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 Large molar absorbance 
 High quantum yield 
 Good photostability 
 Surface functional groups for linking to biomolecules 
 Long wavelength emission maximum (> 500 nm) 
 Large Stokes’ shift (> 50 nm) 
 Long fluorescence lifetime (τ >> 20 ns) 
 
Labels are often discussed in terms of their brightness, or more appropriately their luminance which 
is quantifiable – the product of molar absorbance ( ) and quantum yield ( ). High luminance (over 
30,000 cd m-2) is desirable,83 and thus molar absorbance and quantum yields should be maximised. 
Good photostability will ensure no appreciable degradation under the conditions of use and 
therefore good reliability of results. Labelling a substance is most often achieved by covalent bond 
formation between the label and antibody/antigen. In order for the labels to be used in bioassay 
formats, the label should possess appropriate functional groups to form bonds to biomolecules of 
high binding affinity (such as biotin). Amine and carboxylic acid groups are two commonly employed 
functional groups for this purpose. Long wavelength emission maximums are well suited to 
conventional Si photodetectors and are necessary for labels which can be excited in the visible 
region and possess large Stokes’ shift. As mentioned previously, some luminescent labels exhibit 
overlapping or close-lying excitation and emission peaks (for example, organic luminescent labels 
such as NADH and bilirubin).90 Long Stokes’ shift labels are highly desirable because they minimise 
the overlap between the required excitation source and emission. Identifying filters with sharp 
transitions is less of an issue as a consequence. Long lifetime labels meanwhile offer the prospect of 
using gated detection to probe biomarkers, thus avoiding the problem of flooding the photodetector 
with transmitted light from the excitation source, further increasing assay sensitivity, and 
consequently eliminating the need for any filters. 
 
1.5.3 Optimising Signal Intensity 
As highlighted above, the use of long-lived luminescent labels is highly desirable for optimising signal 
intensity and thus increasing assay sensitivity.49 This next section describes the use of time-gated 
detection in assay formats and the development of long-lived labels, the focus of this thesis. 
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1.5.3.1 Time-Gated Photoluminescence 
Time-gated photoluminescence is a highly sensitive detection format, widely used in biochemical 
testing with laboratory based plate readers capable of measuring time-resolved signals. This format 
of detection removes the issue of autofluorescence of biological media and microtitre plates 
allowing for lower limits of detection. A schematic outlining the sequence of events in time-gated 
detection is shown in Figure 1-15. 
 
 
Figure 1-15: A diagram illustrating the process of gated detection  
 
As shown in Figure 1-15, in time-gated detection the excitation source (typically a lamp, laser or LED) 
is pulsed on and off repeatedly, as represented by the square-wave function. Typically the sequence 
of events is as follows: 1) excitation, the light source is switched on and the luminescent label 
excited, 2) time delay, excitation source is turned off, the luminophore begins to decay and the 
background autofluorescence decays completely, 3) detection, the detector is switched on and 
measures the decay of the luminescent label, 4) recovery delay, the detector is turned off and the 
system allowed to rest before the cycle is repeated. By having the light source switched off before 
the detector is turned on means that the problem of the light source flooding the detector and 
masking the analyte signal is removed. The short time delay allows any background fluorescence to 
decay, thereby improving the signal-to-noise ratio. The detector measures the emission from the 
long-lifetime labels and integrates the signal. Each measurement must be fine-tuned to suit the 
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label, detector and light source being used – times for each section of the cycle will depend on label 
lifetime and light source and detector response times.  
  
Despite their superior sensitivity when compared with steady-state photoluminescence, time-gated 
detection systems have not been widely used for miniaturised applications owing to the bulky 
equipment required for the measurements. Pulse generators are required to efficiently pulse the 
excitation source at a steady rate and lock-in amplifiers are utilised to aid in signal measurement. 
The handling of large differences between signal strengths during the on and off phase does not lend 
itself readily to miniaturised electrical circuits. Although time-gated measurements have been 
demonstrated as efficacious at detecting low concentrations using reduced excitation source power, 
plate reader technologies were used for these measurements.93 
 
Time-gated measurements have been shown to increase the linear range of assays because of the 
reduced signal-to-noise ratio; as Hagan et al. observe, this is especially important when the 
difference between concentrations of high-and low-abundance proteins in one sample can be up to 
twelve orders of magnitude.41, 94 If time-gated detection electronics could be miniaturised for use in 
POC devices without loss of efficiency and sensitivity then vast improvements in limit-of-detection 
could be realised in these formats. Initial efforts at developing such technology are reported in this 
thesis. 
 
1.5.3.2 Long-Lived Luminescent Labels 
In order for time-gated measurements to be employed, compatible long-lived luminescent labels are 
required. There are three commonly used types of chromophores upon which long lifetime labels 
are based: 
 
 Rare earth metal chelates (especially Eu3+ and Tb3+ complexes) 
 Pt & Pd porphyrin complexes 
 Ru, Os & Rh polypyridyl complexes 
 
As mentioned earlier, rare earth metals and Pt(II) and Pd(II) complexes require excitation in the UV, 
preventing the use of low-cost visible light sources. Also, the lifetimes associated with these 
compounds are typically in the hundreds of microseconds, elongating the cycles in time-gated 
studies and thus slowing down repetition rates and leading to reduced signal-to-noise ratios. 
Although the first two classes of compounds have found use in immunoassays, there is a growing 
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desire to develop visibly excited labels with shorter lifetimes. As such, polypyridyl complexes of 
some transitions metals are gaining increasing interest.49, 50, 95  
 
In order to preserve the long-lifetimes of these phosphorescent compounds, encapsulation in 
polymer and silica beads is typical. Whereas fluorescent micro- and nanospheres are widely available 
on the market, phosphorescent or long-lived luminescent spheres are less common. An overview of 
some of the commercially available phosphorescent or long-lived micro- and nanospheres for use in 
immunoassays are shown in Table 1-1. 
 
Name 
Exc/Em 
(nm) 
Surface 
Functionality 
Average 
diameter 
(nm) 
Lifetime 
(µs) 
Manufacturer 
Fosphex 360/610 COOH 40-300 n.d. Phosphorex Inc. 
PAN-Ru-1 470/615 COOH < 100 5.6 
Active 
Motif 
Chromeon 
PD-Ru-1 470/615 COOH 55 6.2 
PD-Pt-1 
405/650 
505/650 
540/650 
COOH < 100 75 
PD-Pd 
408/670 
518/670 
558/670 
COOH < 100 200 
PD-Eu 350/614 COOH < 100 n.d. 
 
Table 1-1: A table showing some of the phosphorescent or long-lived luminescent labels currently commercially 
available for use in immunoassays 
 
Table 1-1 shows a range of beads available but as can be seen, most of them are based on UV 
excitable compounds and all are expensive (~£300 for 2 mg). Phosphorescent labels that can be 
excited by visible light sources (ex >> 400 nm) would be advantageous for miniaturised applications. 
All the labels in Table 1-1 exhibit lifetimes greater than 1 µs potentially enabling the use of relatively 
simple low-cost detectors. Photostability for these beads is not known, but literature examples 
typically show poor photostability with signals being quenched over time by oxygen. Excellent 
photostability is desirable for time-gated applications owing to the repeated excitation by the pulsed 
light source. 
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1.6 Summary 
The development of POC devices will play an important part in the future of healthcare in the 
developing and developed world. A number of challenges must be overcome to produce reliable, 
low-cost, mass-manufactured technologies capable of high sensitivity diagnostic testing and user-
friendly design. Fluorescence spectroscopy has shown itself to be a highly flexible and practical 
format for the detection of antigen/antibody binding in immunoassays. High sensitivity and a wide 
range of luminescent labels available enable the use of fluorescence detection in a variety of assay 
formats including lateral flow and homogeneous assays. 
 
The design of detection platforms is a major influence when it comes to developing new labels, and 
the face-on geometry preferred for assay detection components indicates the need for filters or 
time-gated detection in order to produce devices with competitive limits-of-detection. With this in 
mind, new luminescent labels are needed either exhibiting long Stokes’ shifts, to enable the use of 
low-cost colour filters or exhibiting long lifetimes for gated-detection studies. Existing labels which 
could be applied to this area either require non-standard light sources, are expensive or 
demonstrate poor photostability. Therefore, a significant part of this thesis is devoted to the 
development of new, long-lived luminescent labels for use in time-gated studies for miniaturised 
immunoassay applications. Investigating new luminescent materials which could be applicable in this 
field is also important; therefore part of this work covers the assessment of a material with newly 
reported luminescence which shows promising properties for use as labels. 
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Dye-Doped Polymer Beads 
 
Phosphorescent dye-doped polymer beads were prepared by a facile precipitation method using a 
Ru(II) complex as the luminophore. A range of polymer matrixes were tested and the use of a cross-
linking agent investigated as a means of improving particle stability. The best results were obtained 
using poly(styrene-co-maleic acid) crosslinked with bisphenol A diglycidyl ether, a new polymer-
crosslinker combination, which has not previously been used for nanoparticle preparation. The 
resulting luminescent beads were approximately 320 nm in diameter and showed excellent 
luminescent stability over time in aqueous solution with no signs of aggregation. 
 
 
Phosphorescent beads excited using an LED 
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2 DYE-DOPED POLYMER BEADS 
2.1 Introduction 
The widespread use of luminescent nano- and microparticles for biomedical applications has seen 
the development of numerous beads with improved emission intensities, water solubility and 
photostability. Polymer-based beads have become very popular as a versatile means of 
encapsulating a variety of luminophores to produce beads suitable for in vivo and in vitro imaging, 
for oxygen and pH sensing and immunoassays. Surface functionalisation can be introduced to the 
particles in a one-step synthesis by means of co-polymerisation of different functional monomers, 
removing the need for secondary steps of ligand exchange necessary with inorganic particles. 
 
The standard approach to polymer bead preparation typically involves emulsion polymerisation, a 
well reported synthetic method capable of use with numerous monomers including silica. Emulsion 
polymerisation uses surfactants to aid the growth of the polymeric particles in a two-phase solvent 
system. Unfortunately, these surfactants are reported to be difficult to remove, even after washing 
procedures, and can adversely affect some biological systems, impeding their application in 
biomedical analysis.88 As a result, surfactant-free routes to luminescent polymer beads are 
increasingly sought after. Dye-doped polymer beads prepared via precipitation offer attractive 
surfactant-free routes to tailor-made labels for immunoassay purposes.49, 50, 88, 96  
 
A study investigating the effects of embedding dye molecules in polymer spheres was carried out by 
Wang et al,97 who demonstrated that embedded dyes display higher luminescence intensities and 
longer lifetimes compared to adsorbed surface dye in aqueous media. Encapsulating the dye, 
therefore, is an appealing strategy for preparing long-lived luminescent beads for immunoassay 
applications.  
 
As discussed in Chapter 1, a number of commercially available long-lived luminescent beads are 
already available for immunoassay applications, but these are often expensive and require UV 
excitation, precluding the use of standard visible light sources. This chapter outlines work carried out 
at Imperial College to develop phosphorescent dye-doped polymer micro- and nanospheres capable 
of visible excitation. 
  
The literature provides a few examples of dye-doped beads; Behnke et al98 for instance developed 
fluorescent spheres based on Nile Red dye molecules encapsulated in a poly(styrene) (PS) matrix 
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prepared by swelling procedures. The relationship between sphere size and dye loading was 
investigated but dye leaching and a decrease in photostability was still apparent. 
 
Tian et al. demonstrated an elegant route to preparing bright fluorescent beads by covalently 
bonding perylene diimide molecules to the polymer encapsulant during particle formation.99 A 
schematic of the sphere preparation is shown in Figure 2-1. 
 
 
Figure 2-1: Preparation route to covalently linked dye-doped polymer spheres, taken from Reference 3 
 
Figure 2-1 shows the use of surfactants to stabilise the polymer beads during polymerisation. 
Perylene based dye molecules are co-polymerised into the bead interior whilst amine groups remain 
on the particle surface for future conjugation to biomolecules. No dye leaching was observed; but 
whilst photostability was certainly improved, a substantial decrease in emission intensity over time 
was still observed. Covalent linking of dye to the polymer matrix more often than not requires 
modification of the dye molecules prior to use, requiring extra synthesis steps beforehand. In 
addition, emulsion polymerisation was used to prepare the beads but this method requires the use 
of multiple reagents including surfactants molecules, which can prove difficult to remove by washing 
and can reportedly adversely affect some biological systems.88 
 
Song et al96 used a convenient precipitation route to prepare stable phosphorescent beads by 
incorporating Pd(II) and Pt(II) dyes into a halogen-containing polymer matrix which was then cross-
linked to provide superior stability against aggregation. Particle stability is a highly important factor 
when designing labels for use in biological detection because of the need to centrifuge and re-
suspend samples during washing steps in bioassays. Successful application of the beads in an assay 
to detect C-reactive protein was performed and oxygen cross-sensitivity was greatly reduced 
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compared with the free dye. UV excitation sources were necessary though to excite the 
phosphorescent particles, ruling out the use of standard light sources and the dye molecules 
required modification to provide halogen functional groups. 
 
2.2 Objectives 
This chapter describes the development of novel dye-doped polymer beads for use in immunoassays 
and time-gated experiments. A wide variety of dyes and polymers are available to the chemist but 
these must meet a number of criteria if they are to yield viable beads for bioassay applications. Key 
considerations include: 
  
 Emission Characteristics The prepared labels must exhibit high luminescence intensity in 
order to maximise the signal to be detected. They should be stable over time, and show 
greater photostability when compared to the unencapsulated dye. The absorption and 
emission wavelengths must be suitable for the proposed light source and detector. 
 
 Mechanical Stability The beads must be stable with minimal tendency to aggregate. After 
centrifugation they must readily re-suspend and should not show dye leaching or bead 
breakdown in the process. 
 
 Size The beads must be of an appropriate size for the intended application, ideally between 
80-150 nm for immunoassay work or up to a few microns for other uses such as imaging. 
 
 Lifetime For time-gated detection work the labels must exhibit long lifetimes of at least a 
few microseconds to minimise the complexity and cost of the associated detection 
electronics, but no more than a few tens of microseconds to allow for efficient repetition 
rates in the detection set-up. 
 
Optimising one property will often be the detriment of another and careful study may be needed to 
discover the best trade off. Tris(4,7-diphenyl-1,10-phenanthroline) ruthenium(II) dichloride 
(Ru(dpp)) was selected as the phosphorescent dye molecule for this work owing its favourable 
photophysical properties discussed in Section 2.3 below. 
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2.3 Dye Properties 
Phosphorescent ruthenium based metal-ligand complexes first attracted attention for their use as 
luminescent solar collectors100 in the 1980s and later for their applications as biolabels,49, 50 triplet 
emitters for OLEDs101 and contrast agents.102 As with other phosphorescent complexes such as Pd(II) 
and Pt(II) complexes, the luminescence of Ru(II) dyes is quenched by oxygen, and they are frequently 
used as oxygen sensing probes.103, 104 Ru(dpp) was selected for the work reported here for the 
reasons outlined in the next section. 
 
2.3.1 Structure 
Ru(dpp) is a commercially available phosphorescent dye, analogous to the well known Ru(bpy) but 
with diphenyl phenanthroline ligands in place of bipyridine which result in a long excited state 
lifetime of around 6 µs, an order of magnitude longer than that observed for Ru(bpy). The ligands 
surround the central Ru2+ cation in an octahedral geometry, and in solution the optically active 
Ru(dpp)3
2+ cation is formed (see Figure 2-2).  
 
 
Figure 2-2: The chemical structure of Ru(dpp)3
2+
 phosphorescent dye 
 
Unlike Ru(bpy) and other similar ruthenium dyes, Ru(dpp) is not fully soluble in water – a property 
that Kürner et al. exploited to prepare PAN-based nanospheres49, 50 and which others have exploited 
with Pd(II) and Pt(II) dyes to prepare dye-doped polymer beads.96 
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2.3.2 Optical Properties 
A solution of Ru(dpp) in organic solvents is bright orange in colour and strongly absorbing in the UV 
and visible spectrum. The solutions exhibit a large Stokes’ shift of around 150 nm with minimal 
overlap between absorption and emission spectra, as can be seen in Figure 2-3. Such a large Stokes’ 
shift is desirable for filter-based detection schemes since it allows for the use of low-cost colour 
filters which generally do not possess sharp transitions. 
 
 
Figure 2-3: (left) Normalised absorption and photoluminescence emission spectra of Ru(dpp) complex in ethanol under 
ambient conditions (λexc 488nm); (right) A photograph of a solution of Ru(dpp) in ethanol under UV light 
 
The absorption maximum of Ru(dpp) in solution occurs at 465 nm, well suited to use with low cost 
blue inorganic LED excitation sources.49 Stable blue OLEDs and pLEDs are still under development 
but with recent progress105 may also prove to be viable excitation sources for Ru(dpp). 
 
Ru(dpp) is an example of a metal-ligand complex (MLC), a class of compounds that is characterised 
by a transition metal centre surrounded by diimine ligands.106 A number of MLCs exhibit 
luminescence as a result of their distinctive electronic structure. Ru(dpp) has six d electrons and the 
octahedral geometry of the surrounding diphenyl phenanthroline ligands creates a strong crystal 
field, Δ. The six d electrons are split by Δ into three lower degenerate d orbitals (t2g) and two higher 
degenerate orbitals (eg*). The six d electrons occupy the lower singlet t2g orbitals according to 
Hund’s rules, as illustrated in Figure 2-4.  
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Figure 2-4: Metal-to-Ligand Charge Transfer when absorption of a photon occurs in Ru(dpp), adapted from  
Reference 107 
 
Transitions between the t2g and eg orbitals are formally forbidden owing to the difference in 
symmetry but the combination of metal centre and ligands produces metal-ligand charge transfer 
(MLCT) states. When a photon is absorbed by Ru(dpp), an electron is promoted from the singlet 
ground state (t2g) to a singlet MLCT state (π*),  d→π*, as shown in Figure 2-4, which is responsible 
for the absorption band around 460 nm. 
 
The singlet MLCT state readily absorbs followed by fast intersystem crossing (ISC) to the triplet MLCT 
state (see Figure 2-5).106 
 
 
 
Figure 2-5: A Jablonski diagram showing the decay pathways in Ru(dpp)3
2+
, adapted from Reference 107, where kF is the 
rate of fluorescence, kIC the rate of internal conversion, kISC the rate of intersystem crossing, kR the rate of radiative 
decay and kNR the rate of non-radiative decay 
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Competing decay pathways of fluorescence or internal conversion are negligible in MLCs owing to 
          and            allowing the metastable triplet states to be accessed,
95 with 
experimental evidence suggesting        .
108 Because of strong spin-orbit coupling, the normally 
spin-forbidden T1→S0 from the triplet MLCT to the singlet ground state transition becomes partially 
allowed, resulting in faster phosphorescent decay and high phosphorescence quantum yields.95  
 
As a result of the spin-orbit coupling, luminescence lifetimes in the order of tens of microseconds are 
observed (    6 µs for Ru(dpp)) rather than hundreds of microseconds as observed for Pt(II) and 
Pd(II) complexes. Radiative (R) and non-radiative (NR) pathways compete during emission and 
therefore the luminescence quantum yield    is determined by the contribution of both these 
pathways: 
 
              
Equation 1 
 
where      is the branching ratio defined by 
 
                         
Equation 2 
 
and     is the lifetime of the emitting triplet state 
 
               
Equation 3 
 
As mentioned previously, owing to the efficient intersystem crossing,      is approximately unity, so 
Equation 2 can be rewritten as: 
 
    
  
      
 
Equation 4 
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Quantum yields of Ru(dpp) were determined from photoluminescence emission spectra in water at 
room temperature using Ru(bpy) (    4.2 %) as a standard according to the relationship: 
 
     
 
  
   
  
  
   
 
Equation 5 
 
where   is the quantum yield,   is the integrated intensity,    is the percentage of absorbed 
photons,   is the refractive index and   refers to the reference standard. Equation 5 assumes that 
both samples are excited at the same wavelength.106 Using experimental data and Equation 5 the 
quantum yield for Ru(dpp) in water was measured as 30 ± 5 %, in agreement with literature 
reports.49 This method was used for the calculation of quantum yields of the dye-doped polymer 
beads. 
 
The emission maximum at 613 nm (seen in Figure 2-3) is well suited to detection by both silicon 
photodiodes and organic photodetectors. Biolabels with large Stokes’ shifts are appealing for 
detection set-ups where the light source and detector are arranged face-on and long-pass filters are 
required to mask the excitation light from the detector. Many conventional fluorophores have 
overlapping absorption and emission spectra and, when filters are used, results in the emission 
signal being masked by incompletely filtered excitation light. This is especially the case when using 
colour filters which possess broad cut-on from the short wavelength stop-band to the long 
wavelength pass-band.55 Large Stokes’ shift labels on the other hand lessen the requirements for 
having a sharp cut-on. Time-resolved photoluminescence measurements for Ru(dpp) (90 μM) were 
carried out in water and the resulting trace is shown in Figure 2-6. 
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Figure 2-6: Time-resolved photoluminescence decay of Ru(dpp) in aqueous solution fitted with a monoexponential 
function to give a lifetime, τ = 0.80 μs 
 
From Figure 2-6, the luminescence lifetime of Ru(dpp) in water was measured as 0.80 ± 0.002 μs 
using a time-correlated single photon counting system equipped with a laser excitation source 
(455 nm) and PMT detection system. This figure is slightly shorter than the literature value 
    1.20 μs in Reference 49 suggesting some additional non-radiative decay due to e.g. dissolved 
oxygen. 
 
Studies have shown that the Ru(dpp) MLCT triplet state can be quenched by oxygen,109 a property 
that can be readily exploited for use as oxygen sensors but must be avoided in labels for 
immunoassays. Encapsulation of Ru(dpp) in a protective host is therefore essential. The 
photoluminescence intensity of the free dye in water was measured over time using a fluorescence 
spectrometer and compared with that of a commercially available label, PD beads (Sigma #43233), 
which (based on its optical characteristics) is believed to be based on the same dye. Dilute solutions 
(0.1 mg/ml) were used to avoid intermolecular quenching effects. The resulting data is displayed in 
Figure 2-7.  
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Figure 2-7: Normalised photoluminescence intensity measured over time for Ru(dpp) in ethanol under ambient 
conditions and encapsulated as a commercially available label in aqueous solution 
 
Figure 2-7 shows that the photoluminescence intensity of the free dye is rapidly quenched over time 
whilst the encapsulated dye stays constant. This confirms that, with a suitable encapsulant, Ru(dpp) 
can be used as a stable label. Although PD beads demonstrate excellent photostability and are 
commercially available they are expensive (~£250 for 5 mg), and beads with comparable stability 
and desirable optical properties in the public domain are lacking. Therefore, non-proprietary 
luminescent beads suitable for use with standard light sources and detectors, with long lifetimes for 
time-gated measurements and with excellent photostability are keenly sought. 
 
2.4 Investigation of Polymer Encapsulants 
A number of encapsulants have been reported in the literature for dye-doped beads, these include 
silica,110 PAN-based polymers,49, 50, 111 halogen containing polymers96 and polystyrene.112 The majority 
of these display poor photostability or aggregation effects, limiting their use for bioassay 
applications and the best material systems currently available are proprietary. In this section we 
report the development of new polymer encapsulants for use with Ru(dpp), although other 
hydrophobic dyes should also be usable. 
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Figure 2-8: Four main approaches to dye-doped polymer bead preparation 
 
There are four main approaches to encapsulation (see Figure 2-8). Firstly, the use of monomers 
which react in situ as in emulsion polymerisation; secondly, the use of ready-made spheres which 
are swelled to incorporate the dye;98 thirdly, a single polymer to create in situ beads via precipitation 
(as seen in the work of Kürner49) and, fourthly, the use of two crosslinkable polymers for in situ 
preparation via precipitation (as used by Song et al.96) The first route is widely employed but 
requires the use of surfactants which are difficult to remove and can have adverse effects on 
biological molecules.88 The second route, as far as is known, has not provided photostable beads. 
Therefore, this work concentrates on using precipitation methods which have only recently been 
applied in this area.50, 88, 96, 113 
 
When considering suitable polymers as encapsulants, there are a number of characteristics one must 
look for: good impermeability to oxygen and moisture to guard against quenching of luminescence 
intensity; and a good affinity for dye inclusion to maximise the dye-loading and consequent emission 
intensities. With regards to encapsulating Ru(dpp), parts of the polymer(s) must exhibit some degree 
of hydrophobicity in order for dye inclusion to occur. At the same time, since the beads are to be 
used in aqueous environments, other parts of the polymer(s) must show a degree of hydrophilicity, 
usually achieved through the inclusion of polar groups such as carboxylic acids. Amphiphilicity is key 
to forming stable beads in aqueous media.49, 88 The surface hydrophilic groups should also provide a 
route to covalent bond formation with biomolecules for assay purposes. 
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Song et al. successfully prepared dye-doped polymer beads using two halogen polymers (VERR and 
VMCA, shown in Table 2-1) with crosslinkable moieties using heat to catalyse the crosslinking 
reaction, using temperatures up to 150 °C.96 Their beads required UV excitation though, and show 
some photodegradation over time and the polymers used are no longer commercially available. 
Ru(dpp) is stable to over 300 °C so heat can be readily used for crosslinking without degrading the 
dye molecules and thus reducing the luminescence signal from the beads. 
  
A variety of polymer systems have been investigated in the literature for luminescent polymer bead 
preparation, some specifically synthesised for the purpose, others sourced commercially. A selection 
of these are summarised in Table 2-1. The materials listed have been mainly applied to hydrophobic 
dyes, but some have also been applied to quantum dots. 
 
POLYMER MATRIX 
BEAD 
Ø 
(nm) 
ENCAPSULATED 
LUMINOPHORE 
SURFACE 
GROUP 
REF. 
  
PAN 
43 Ru(dpp) - 49 
 
PAN-co-AA 
3-32 Ru(dpp) -COOH 
16, 49, 
50 
 
 
VERR/VMCA 
150 
Pd(II) & Pt(II) 
complexes 
-COOH 96 
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DHLA-PEG 
12-
17 
QDs - 
114, 
115 
 
 
 
 
 
PSMA/EA or PSMA/M100 
10-
20 
QDs -NH2 
115 
 
Table 2-1: A table summarising the different polymer matrixes used for luminophore encapsulation 
 
All the polymer matrixes in Table 2-1 have electronegative groups situated along the polymers. The 
most useful examples have groups that can both provide surface functional groups for covalent 
bonding to biomolecules and can act as groups for crosslinking. Bead preparation using single 
polymer encapsulants and crosslinked polymers has been reported in the literature, both providing 
routes to beads with good photostability and high dye-loading (leading in turn to high emission 
intensities).49, 50, 96, 116 Bead aggregation has been an ongoing issue though, with particle coalescence 
adversely affecting application of these beads after preparation. In this work we develop new 
material systems to provide a combination of high dye-loadings, good photostability and low 
tendency towards aggregation. 
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2.4.1 Polymer Structures 
A selection of polymers were selected for this work, all of which were sourced commercially except 
PAN-co-AA which was included in the list of candidate materials owing to its reported success as an 
encapsulant and to serve as a reference against which the other systems could be assessed. Generic 
structures for the polymers are given in Table 2-2. 
 
ABBREVIATION MONOMER UNIT COMMENTS 
PAN-co-AA 
 
Poly(acrylonitrile-co-acrylic acid) 
Synthesised in-house 
x:y = 20:1 
VINNOL 
 
VINNOL E 45/15 M 
Electronegative halogen 
groups, polar ester 
groups and terminal 
COOH groups for 
surface functionality & 
crosslinking 
PMM-co-MA 
 
Poly(methyl methacrylate-co-methacrylic acid) 
Polar ester groups and 
COOH groups for 
surface functionality & 
crosslinking 
PS-co-MA 
 
Poly(styrene-co-maleic acid) 
Hydrophobic styrene 
groups, polar ester 
groups and COOH 
groups for surface 
functionality & 
crosslinking 
 
Table 2-2: The selection of polymers tested as encapsulants for Ru(dpp) in this work 
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The polymer candidates shown in Table 2-2 possess carboxylic acid groups in a minority ratio, 
typically 5-10 % w/w. Kürner et al. found optimum particle stability with 5 % w/w of acrylic acid in 
PAN-co-AA, and this stoichiometry was therefore used when synthesising it as a reference material. 
All polymer candidates possessed hydrophobic groups which are thought to form hydrophobic pores 
as the polymers assemble into spheres when water is added. These hydrophobic pores are believed 
to be favourable environments for the hydrophobic Ru(dpp) in solution. PS-co-MA possessed 
hydrophobic phenyl groups which could provide potentially favourable π-π interactions with the 
phenyl groups on Ru(dpp), thus encouraging encapsulation.  
 
The carboxylic acid groups present in all the polymers provide a means of covalently bonding the 
beads to biomolecules and also enable reactivity with the crosslinking agents to improve stability 
since they can be reacted with a number of other functional groups, such as amines, epoxides and 
aziridines. The crosslinking reaction can be catalysed by acids, light or elevated temperatures; 
photoreactive groups were avoided in this work to prevent photobleaching of Ru(dpp) during the 
crosslinking procedure. Epoxide crosslinking agents were selected as a wide selection is available 
commercially and they have been successfully used in the literature for crosslinked polymer 
nanoparticle preparation.96 Once again an epoxide monomer possessing phenyl rings was selected 
for the potential to encourage encapsulation through π-π interactions. The commercially sourced 
crosslinking agents for use in this work are shown in Table 2-3. 
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ABBREVIATION MONOMER UNIT COMMENTS 
PEMAGM 
 
Poly(ethylene-co-methyl acrylate-co-glycidyl 
methacrylate) 
Crosslinking agent 
with epoxide 
groups available 
for reaction with 
COOH 
PEGM 
 
Poly(ethylene-co-glycidyl methacrylate) 
Crosslinking agent 
with epoxide 
groups available 
for reaction with 
COOH 
BPA 
 
Bisphenol A glycidyl ether 
Crosslinking agent 
with epoxide 
groups available 
for reaction with 
COOH 
 
Table 2-3: The selection of crosslinking agents for use with Ru(dpp) in this work 
 
2.5 Bead Preparation 
Most commercially available dye-doped polymer beads are prepared using an emulsion 
polymerisation technique but over recent years the much simpler precipitation process reported by 
Kürner49, 50 and Song et al.96 has been shown to yield more photostable beads. 
  
The precipitation process requires the dye and polymer(s) to be dissolved in a water miscible 
solvent. Both the dye and polymer should be soluble in this solvent but not in the solvent/water 
mixture. As the dye/polymer/solvent solution is stirred rapidly, water is added dropwise to excess 
and the spontaneous formation of dye-doped polymer beads occurs (see Figure 2-9).  
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Figure 2-9: A schematic showing the process of dye-doped polymer sphere formation by precipitation 
 
The resulting beads, if materials have been appropriately selected, should resemble a spherical 
polymeric matrix throughout which the dye molecules have been embedded. A schematic of the 
dye-doped polymer bead is shown in Figure 2-10. 
 
 
Figure 2-10: A schematic showing the structure of the luminescent dye-doped polymer beads with the phosphorescent 
dye embedded throughout the spherical polymer matrix and carboxylic acid functional groups on the bead surface 
 
If the properties of the materials used have not been carefully chosen, polymer beads with little or 
no embedded dye may form. If this is the case, the solvent mixture will retain the colour of the 
original organic solution. Alternatively, coalescence into one large aggregated mass may happen 
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with no discrete beads being formed. Equally, the dye may not incorporate into the whole bead but 
may instead collect preferentially on its surface. This can be determined by measuring the 
luminescence intensity of the beads over time; if the intensity decreases rapidly this suggests that 
dye molecules are exposed to quenching oxygen and so may be present at the surface. 
 
2.5.1 Single Polymer Encapsulant Studies 
Firstly, encapsulation of Ru(dpp) was carried out using PAN-co-AA as a reference material, in 
accordance with previously published methods.49, 50 Studies by Kürner et al showed the optimal 
polymer composition to be 5% acrylonitrile (w/w) to acrylic acid units resulting in the best balance 
between low quenching by oxygen, high quantum yields, long decay times and small nanosphere 
diameter.49 PAN is commercially available but its co-polymers are not so PAN-co-AA (5% w/w acrylic 
acid) was synthesised in-house by radical polymerisation, adapted from the method by Cristallini.117  
 
Acrylonitrile and acrylic acid were purified beforehand by distillation and dissolved in anhydrous 
dimethylsulphoxide (DMSO). Careful purification of the starting materials was necessary to ensure 
accurate stoichiometry of the resulting polymer. The reagents were heated to 50 °C and stirred 
under nitrogen before adding azobisisobutyronitrile (AIBN) as the radical initiator for the 
copolymerisation. The reaction was allowed to continue for 12 h before being cooled to room 
temperature and having an excess of DMSO and water added to precipitate the synthesised 
polymer. Water and methanol were used to wash the white precipitate before drying the polymer 
under vacuum. The polymer was synthesised with a good yield of 95 %; literature values are not 
available for comparison. Full details of the synthesis are included in Appendix 6.2. 
 
Standard characterisation techniques were used to verify the chemical composition of the 
synthesised PAN-co-AA, including 1H NMR, the spectrum of which is shown in Figure 2-11.  
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Figure 2-11: 
1
H NMR spectrum of PAN-co-AA 
 
Figure 2-11 shows the expected broad peaks at 13 ppm for the carboxylic acid protons and 2 and 
1.8 ppm for the methylene protons (-CH2-). The spectrum was used to calculate the acrylic acid 
component of the co-polymer using the following relationship: 
 
 
        
      
                  
      
Equation 6 
where       is the area of the proton peak for the carboxyl group attached to the acrylic acid 
moieties in the polymer,          is the area of the proton peak from the methylene group of acrylic 
acid and          is the area of the proton peak from the methylene group of acrylonitrile.
118  
 
Using Equation 6, the component of acrylic acid in PAN-co-AA synthesised here is 4.7 ± 0.5 % using 
integration peak values from MestreNova. This is in very good agreement with the expected 
stoichiometry, confirming the successful incorporation of acrylic acid units into PAN-co-AA. 
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Elemental analysis results corresponded closely with those expected from the empirical formula of 
PAN-co-AA, confirming that 5% w/w acrylonitrile/acrylic acid had been achieved. The density of the 
synthesised polymer was taken as an average of three measurements, each consisting of twenty 
runs, and given as 1.03 ± 0.01 g cm-3. This value is useful for calculating an estimate of molar 
concentrations of the beads. 
 
PAN-co-AA was used to prepare dye-doped polymer beads via precipitation. Identical preparation 
procedures were used to those reported in Reference 49. PAN-co-AA (118.5 mg) and Ru(dpp) 
(1.19 mg) were dissolved in DMF (25 ml) in a ratio of ~100:1 (w/w). The orange solution was stirred 
vigorously and a dropping funnel used to slowly add aqueous NaOH (125 ml, 1 mM) in a dropwise 
manner to the mixture. A turbid solution was observed, forming after approximately 20 ml of the 
aqueous NaOH solution had been added to the preparation mixture in agreement with literature 
reports. Full details of this preparation are included in Appendix 6.2. The solid residue easily re-
suspended after centrifugation, an important property for beads used in immunoassays. The colour 
of the solid was bright orange (see Figure 2-12) indicating a high dye loading, and no dye was 
observed to leach while washing. 
 
 
Figure 2-12: A photograph of the dye-doped PAN-co-AA beads showing high levels of dye incorporation. Aggregation of 
the beads can also be seen 
 
Over a period of 24 h the PAN-co-AA beads showed severe aggregation, visible in Figure 2-12, 
despite following recommended pH balances and concentrations in the preparation method. The 
aggregates could not be broken down by sonication and similar problems have recently been 
reported in the literature with the same polymer matrix.96 Such small nanoparticles would possess a 
high surface charge to volume ratio, which would account for the aggregation observed. 
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Note, a number of other reported dye-doped polymer bead preparations only use water and not 
NaOH.96 Kürner reported that the use of a basic solution encouraged the carboxylic moieties of the 
polymer to accumulate on the particle surfaces. VINNOL, PMM-co-MA and PS-co-MA, listed in Table 
2-2, were then also used to prepare dye-doped beads, according to a modified procedure by Song et 
al.96 It was decided to use water and not a basic solution to prepare the beads initially, because 
water alone is more commonly used in the literature and because the preparation of PAN-co-AA 
beads had shown particle instability.  
 
 
Figure 2-13: Illustration the precipitation bead preparation 
 
The polymers and dye were dissolved in dimethyl formamide (DMF), ethanol (EtOH) or 
tetrahydrofuran (THF) in a 100:1 ratio, using different solvents to observe the effect (if any) this had 
on the bead formation. Water was added dropwise at a rate of 2 ml/min using a Harvard Apparatus 
PHD2000 syringe pump to maintain a constant water addition rate (see Error! Reference source not 
ound.); a comparative figure for the rate of water addition is not given by Song et al. Initially, small 
volumes of all reagents (on a microlitre scale) in-keeping with those in Reference 96 were used, but 
coalescence of most of the polymers was observed. Therefore larger volumes were used (on a 
millilitre scale) detailed in Appendix 6.2. General observations are recorded in Error! Reference 
ource not found..  
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Table 2-4: Observations for the completed dye-doped bead preparations using single polymer encapsulants 
 
Turbid suspensions were observed for all polymer mixtures initially, indicating the formation of 
beads, but most preparations coalesced over time. Residual dye was observed in the solvent after 
centrifugation in all cases (although to varying degrees), indicating incomplete uptake of the dye 
molecules into the polymer matrix. The extent of dye-uptake for those preparations which did not 
result in complete coalescence was measured using absorbance spectroscopy as shown in Figure 
2-14. 
 
 
Figure 2-14: The absorption spectra for the solvent once residues have been removed for each polymer preparation 
mixture 
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original solution
PS-co-MA in DMF
VINNOL in DMF
PS-co-MA in acetone
POLYMER 
MATRIX 
OBSERVATION 
ETHANOL DMF ACETONE 
VINNOL Coalescence 
Some 
coalescence 
and beads 
with dye  
Coalescence 
PMM-co-MA Coalescence Coalescence Coalescence 
PS-co-MA Coalescence 
Some 
coalescence 
and beads 
with dye 
Some 
coalescence 
and beads 
with dye 
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The best dye uptake observed in Figure 2-14 was for PS-co-MA in DMF, with almost all dye removed 
from the solution (95 %). VINNOL in DMF also showed good uptake, with about 70 % of the dye 
being removed from solution. Since these polymers also showed the strongest tendency for bead 
formation they were chosen to concentrate on for the crosslinking studies.  
 
2.5.1.1 Single Polymer Encapsulants 
TEM was used to image the PAN-co-AA beads (see Figure 2-15).   
 
 
Figure 2-15: TEM of the very small dye-doped polymer beads of PAN-co-AA, Ø = 5 nm, showing coalescence 
TEM taken by Dr Adrian Nightingale 
 
Very small particles were produced with PAN-co-AA and significant coalescence of beads was 
evident. Mean bead diameters were around 5 nm, much smaller than most commercially available 
beads and PAN-co-AA beads reported in the literature. Different stirring speeds were tried during 
the bead formation but to no avail. The very small bead size, coupled with charged surface groups, 
would contribute to the severe aggregation observed. Even if these beads had not suffered from 
aggregation, application of PAN-co-AA beads of this size may have been difficult because smaller 
beads are often harder to separate during bioassay work. 
 
SEM images were recorded for the single polymer dye-doped beads since particles sizes were larger 
than those seen with PAN-co-AA. An SEM image of VINNOL dye-doped beads prepared in DMF is 
shown in Figure 2-16. 
 
Coalesced beads 
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Figure 2-16: Coalesced VINNOL beads synthesised in DMF showing non uniform particle sizes 
 
Figure 2-16 clearly shows non-uniform particle sizes for VINNOL beads, ranging from 200 nm to over 
1 µm. Not only is aggregation seen but also complete coalescence, which is possibly responsible for 
the formation of the much larger particles and the high variation in bead sizes. Uniform particle sizes 
are important for reproducible results in biomedical applications; larger beads with more dye 
molecules will give higher intensity signals than smaller ones and thus high polydispersity will lead to 
variation in assay results. This coalescence is in agreement with observations by Song et al. although 
wide variation in particle sizes was not reported for the polymers they used.96 
 
 
Figure 2-17: SEM micrographs of VINNOL beads prepared in DMF removed before water addition was complete, showing 
the coalescence of very small polymer particles leading to the formation of larger ones 
 
Figure 2-17 shows VINNOL beads (prepared in DMF) removed before water addition was complete. 
The images show a rough bead surface during bead formation, not observed once the larger particle 
formation is complete. The appearance of these intermediate beads seems to suggest smaller 
particles coalescing to form the larger final particles once water addition is complete.  
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The high degree of coalescence observed with single polymer encapsulants implies a clear need for 
new polymer matrixes which would share the excellent dye affinity of PAN-co-AA yet be less 
susceptible to aggregation. Polymers are commonly “toughened” by the use of crosslinking agents to 
promote rigidity in materials. This approach can be effectively applied to improve particle stability, 
as Song et al. recently reported on improved particle stability achieved through the use of 
crosslinking polymers. Therefore the use of crosslinking agents was investigated as a means of 
improving the stability of beads based on PS-co-MA and VINNOL (the two materials that had shown 
dye affinity and bead formation in the single polymer encapsulant studies). 
 
2.5.2 Crosslinkable Encapsulant Studies 
Precipitation was used to prepare crosslinked dye-doped polymer beads using PS-co-MA and 
VINNOL along with the crosslinking agents in Table 2-3. It was hoped that the use of crosslinking 
agents would improve particle stability and remove the tendency for the particles to coalesce, 
resulting in discrete beads useful for biomedical applications. Larger reagent volumes (~150 ml total 
volume) were used for this section of work in order to produce large enough quantities for optical 
studies and particle size analysis (as well as being a more useful scale for potential applications 
afterwards). 
 
The polymer candidate, crosslinker and Ru(dpp) were dissolved in EtOH, DMF, THF or acetone in a 
ratio of 100:25:1. Four different solvents were used owing to the insolubility of one of the 
crosslinkers in EtOH and DMF. Water was again added dropwise at a rate of 2 ml/min using a syringe 
pump to control the flow rate. After precipitation, the product was washed with water and the 
residue taken up in water (50 ml) and heated overnight at 85 °C to crosslink the beads. The 
observations of each preparation are shown in Table 2-5. 
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POLYMER 
MATRIX 
OBSERVATION 
ETHANOL DMF THF ACETONE 
VINNOL/PEMAGM N/A N/A Beads with dye N/A 
VINNOL/PEGM Coalescence Coalescence Coalescence N/A 
VINNOL/BPA Coalescence Coalescence Coalescence Coalescence 
PS-co-MA/PEMAGM N/A N/A Coalescence N/A 
PS-co-MA/ PEGM Coalescence Coalescence Coalescence N/A 
PS-co-MA/ BPA Coalescence Beads with dye Coalescence Coalescence 
 
Table 2-5: A table showing the observed bead formation, coalescence or film formation using the variety of polymer 
matrixes and Ru(dpp) investigated in different solvents 
 
As Table 2-5 shows, coalescence was observed in most cases. Where no observation is recorded, the 
crosslinking agent did not dissolve in the solvent and therefore no bead preparation could take 
place. VINNOL/PEMAGM in THF produced a turbid suspension, very pale in colour with residual dye 
in solution. A bright orange turbid suspension of particles was achieved using PS-co-MA/BPA in DMF 
(see Figure 2-18) but not in any other solvent tested. The observed success of PS-co-AA/BPA as an 
encapsulant for Ru(dpp) is thought to be owing to π-π  interactions between the phenyl rings on the 
polymer/crosslinker and the dye, encouraging a greater amount of Ru(dpp) to be encapsulated than 
with any other polymer/crosslinker combination. Coalescence was observed in all other cases, 
although solvent effects, pH and ionic strength all play a part in bead formation so therefore one 
cannot discount the possibility of forming beads with these other systems without further study. 
 
 
Figure 2-18: (left) PS-co-MA/BPA dye-doped beads in DMF and (right) in ethanol  
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Figure 2-18 shows the bright orange precipitated beads using PS-co-MA/BPA in DMF with a 1 % dye 
loading and the orange aggregates formed under the same conditions using EtOH. The DMF mixture 
provides water stable beads which show no tendency to aggregate even after at least three months 
of storage at 4 °C. The different outcome of bead formation and aggregation seen in Figure 2-18 
after only altering the solvent system, demonstrates the fine balance of preparation conditions for 
bead preparation. 
 
Two systems showed successful bead formation incorporating the dye into the polymer matrix, 
VINNOL/PEMAGM in THF and PS-co-MA/ BPA in DMF, although the appearance of the suspensions 
indicated PS-co-MA/ BPA in DMF to have been the most successful at incorporating Ru(dpp), 
attributed to the favourable π-π stacking interactions between complex and encapsulant. 
Investigation into increasing the dye loading was then carried out to optimise their photophysical 
properties. 
 
2.5.3 Dye Loading 
The beads should have as high a dye loading as possible so as to maximise the photoluminescence 
emission intensity of the samples and hence give rise to a low limit of detection. There are several 
factors which limit the maximum achievable dye loading: firstly, electrostatic and steric interactions 
play a role, especially when using charged dye molecules and therefore a compromise between high 
dye loading and particle stability must be made. 
  
Secondly, the luminescence lifetime will change as the dye loading increases. The greater the 
concentration of dye in each bead, the closer the dye molecules are to one another and the greater 
the quenching of the luminescence owing to increased decay pathways. This effect is readily 
quantified by measuring the luminescence lifetimes of samples with increasing dye loadings. The 
lifetimes should remain approximately constant until interactions between dye molecules become 
appreciable, at which point the lifetime should decrease substantially. 
 
Dye loadings of commercially available beads are frequently unclear; literature reported dye 
loadings for polymer dye-doped beads are < 3.5 %, although 10 % has been reported for PAN-co-AA 
beads without a reduction in luminescence lifetime (notwithstanding its poor stability against 
aggregation).49, 50 
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Both VINNOL/PEMAGM and PS-co-MA/BPA systems were evaluated at higher dye loadings of 2% 
and 10%. VINNOL/PEMAGM showed no appreciable increase in the uptake of more Ru(dpp) but PS-
co-MA/BPA did, with a noticeable reduction of Ru(dpp) absorption in the residual solvent when 
compared with the starting solution. The appearance of the PS-co-MA/BPA beads with 2 % and 10 % 
dye loadings can be seen in Figure 2-19. 
 
 
Figure 2-19: Photographs of (left) 2% and (right) 10% beads prepared using PS-co-MA/BPA in DMF 
 
PS-co-MA/BPA with 2 % dye loading appears slightly more orange in colour than that observed with 
1 % Ru(dpp) but otherwise, very similar in appearance. However, aggregation is observed with PS-
co-MA/BPA with 10 % dye loading suggesting dye particles are aggregating on the bead surfaces, 
causing attraction between particles and consequent aggregation. 
 
2.5.4 Bead Size 
Once prepared and washed, the beads were analysed using DLS and SEM to gauge their size and 
thus suitability for further applications. DLS was used to gain a broad picture of the size distributions 
while SEM was used to obtain detailed images of the beads. The ideal bead size is in the range of 50-
120 nm. Anything smaller can make the separation of bound and unbound antibodies difficult and 
anything larger can introduce steric complications in the assays which may lead to sedimentation 
and produce false results. Beads outside this range are not obsolete, though, and may still be useful 
for some immunoassays and may find alternative use in imaging applications and calibration of 
fluorescence microscopes. 
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2.5.4.1 Dynamic Light Scattering 
DLS can be used to measure the size distributions of particles in a short space of time, but is 
sensitive to local changes in concentration, pH and ionic strength. Very dilute solutions must be used 
to minimise any particle interactions. It should be noted that the size distributions obtained through 
DLS are indicative of the hydrodynamic radius of the beads rather than the absolute bead diameters. 
 
The DLS spectra were taken in water using a ZetaSizer ZS instrument. Samples must meet quality 
control criteria and, where large aggregates or sedimentation arise, results are likely to be 
unreliable. The hydrodynamic radius distribution of the commercially available PD beads, crosslinked 
VINNOL/PEMAGM dye-doped beads prepared in THF and crosslinked PS-co-MA/BPA dye doped 
beads prepared in DMF are shown in Figure 2-20. 
 
 
Figure 2-20: The DLS spectrum showing the hydrodynamic radii of commercially available PD beads, crosslinked 
VINNOL/PEMAGM dye-doped polymer beads and PS-co-MA/BPA crosslinked beads 
 
Each DLS spectrum shown in Figure 2-20 is an average of over ten separate measurements, with the 
average variation less than 10 %, showing good consistency between readings. Figure 2-20 clearly 
shows that only one size distribution is detected for both VINNOL/PEMAGM and PS-co-MA/BPA, 
confirming that the precipitation method is a facile way to prepare fairly monodisperse dye-doped 
polymer beads for the chosen preparation conditions. PS-co-MA appears to form larger beads than 
those based on VINNOL under the same preparation conditions (water addition rate and stirring 
speed). PD, a commercial bead, (Sigma #43233) was obtained and analysed by the same method to 
give a point of reference for the monodispersity of these beads. A second minor peak for PD beads 
was observed, even when varying the concentration of the sample, suggesting the minor presence of 
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smaller beads. PD beads are smaller in general, with diameters averaging 110 nm. Average bead 
diameters along with full width half maximum (FWHM) are shown in Table 2-6. 
 
POLYMER MATRIX DIAMETER (nm) FWHM (nm) 
PD 110 124 
VINNOL/PEMAGM 255 168 
PS-co-MA/BPA 478 93 
 
Table 2-6: A table summarising the bead diameter data obtained using DLS 
 
Song et al. prepared crosslinked dye-doped polymer beads ranging in mean diameter from 72-
133 nm, smaller than those obtained here, although no information regarding polydispersity was 
provided. Optimisation of the precipitation process should enable the preparation of smaller beads 
by varying the concentration of reagents, water addition rate and stirring speed. 
 
2.5.4.2 Electron Microscopy 
Electron microscopy was used to image the dye-doped polymer beads and to provide a more 
accurate picture of the bead sizes. Most luminescent beads in the literature are imaged using SEM 
because their size (50 nm-10 μm) is well suited to this technique; smaller beads (< 50 nm) are best 
imaged using TEM. Beads will tend to appear smaller in TEM and SEM images when compared with 
DLS data because with the latter, any surfactant or solvent molecules which travel in solution with 
the dye-doped polymer beads will contribute to the effective diameter. 
 
Figure 2-21 shows VINNOL/PEMAGM beads prior to heating and illustrates the effect of the 
crosslinker even before crosslinking has occurred. Uniform bead sizes are apparent in Figure 2-21, 
quite unlike those seen before with single polymer encapsulants. Particles are typically 270 nm in 
diameter but coalescence is observed leading to the formation of a film. The individual beads appear 
to have self-assembled and close-packed, coalescing at the bead edges. A honey-comb structure is 
observed to form, in-keeping with reported behaviour for polymer nanoparticles during film 
formation.112, 119-121  
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Figure 2-21: A SEM picture showing honey-comb structure of beads as close contact between uncrosslinked 
VINNOL/PEMAGM dye-doped polymer beads coalesce and lead to film formation 
 
PD beads were imaged using TEM (see Figure 2-22) owing to their reported size of 40 nm, despite 
DLS measurements assigning a larger size of 110 nm. 
 
  
Figure 2-22: (left) TEM image of PD beads, scale bar is 0.2 µm (right) A size distribution of PD bead diameters 
 
Figure 2-22 shows reasonably uniform particle sizes for the PD beads, reflected in the monodisperse 
distribution, which is desirable for use in immunoassays. Average particle size was measured as 51-
56 nm, lower than that measured using DLS, but of a useful size for biomedical applications. The 
variation in diameters may be due to the difference between hydrodynamic radius and that 
observed using TEM, although a 50 nm difference appears quite large if this is the case. 
Alternatively, the DLS measurement may have been affected by pH or ionic strength interfering with 
a true reading. 
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DLS measurements suggested VINNOL/PEMAGM dye-doped beads to have diameters of 
approximately 255 nm and therefore SEM was used (see Figure 2-23) to image the beads to verify 
this measurement. 
 
 
Figure 2-23: SEM image of VINNOL/PEMAGM crosslinked dye-doped beads 
 
Discrete particles of crosslinked VINNOL/PEMAGM with a relatively low tendency to aggregate are 
evident in Figure 2-23. Particles appear spherical with little sign of deformation and aggregation is 
reduced (although still observed) compared to that seen with uncrosslinked beads. The rough 
surfaces, seen part way through the preparation procedure, are no longer evident on close 
inspection. Uniform shape, along with uniform size, is an important consideration, especially when 
used in bioassays because irregular shaped beads could behave in different ways and promote non-
specific binding, affecting reproducibility. Figure 2-23 indicates VINNOL/PEMAGM beads have 
diameters around 220 nm (when taking into account the 15 nm Cr coating used in SEM), in good 
agreement with the DLS measurements of 255 nm. A reasonably small difference between SEM and 
DLS diameters may be indicative of low surface charge on the bead surfaces and thus small 
hydrodynamic radii. 
 
PS-co-MA/BPA beads were also imaged using SEM (see Figure 2-24). The images show spherical, 
uniform PS-co-MA/BPA beads with mean diameters of around 320 nm. Even at high concentration 
(seen on the left of Figure 2-24) defined beads with no coalescence were observed, in contrast to 
the single polymer encapsulants. These well defined beads show promise for use in biological 
applications owing to the complete absence of aggregation and coalescence. The appearance of the 
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beads is very favourable compared to most reported in the literature, where a broader range of sizes 
and shapes and significant aggregation and coalescence are frequently seen.49, 50 
 
 
Figure 2-24: SEM micrographs of dye-doped PS-co-MA/BPA crosslinked beads 
 
As they stand, the 320 nm PS-co-MA/BPA dye-doped beads shown in Figure 2-24 can still be used in 
a number of applications including immunoassays, imaging and as calibration standards for 
fluorescent microscopes.46 Large luminescent beads (< 5 µm) have found widespread application for 
simultaneous assays used to detect multiple analytes in single samples.46 Polystyrene beads are used 
extensively used for imaging applications122 where hydrophilic beads are required; this suggests a 
potential use of PS-co-MA/BPA dye-doped beads in cell imaging studies. 
 
The apparent affinity of PS-co-MA/BPA for Ru(dpp) loading and the well-defined spherical uniform 
size and shape of the beads hold promise for further optimisation. The large difference between the 
measured DLS data and the observed beads in SEM may be indicative of a high surface charge or 
may be an effect of pH or ionic strength. 
 
Both VINNOL/PEMAGM and PS-co-MA/BPA have shown desirable properties for dye-doped bead 
matrixes, but PS-co-MA/BPA demonstrated the most desirable properties with uniform spherical 
particle sizes and no observable aggregation and coalescence when crosslinked. Along with good 
particle stability, uniform size and shape the optical properties of the beads are of great importance. 
The next section details the photophysical characterisation of VINNOL/PEMAGM and PS-co-MA/BPA 
dye-doped beads as well as the PD beads as a reference. 
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2.5.4.3 Optical Properties 
This section describes the measurements undertaken for photophysical characterisation of the 
crosslinked beads developed in Section 2.5, including quantum yield calculations, time-resolved 
photoluminescence and photostability measurements.   
 
2.5.4.3.1 Luminescence Spectroscopy 
Photoluminescence spectra of the crosslinked beads were measured using a spectrometer as 
described in Appendix 6.1.5. Aqueous solutions of the 1% beads of VINNOL/PEMAGM produced in 
THF and PS-co-MA/BPA produced in DMF were excited at 465 nm and the resulting spectra are 
shown in Figure 2-25. Also shown is the emission spectrum of the free dye in water. 
 
 
Figure 2-25: Photoluminescence spectra of crosslinked VINNOL/PEMAGM dye doped beads (blue) and PS-co-MA/BPA 
dye-doped polymer beads (red) in aqueous solution and Ru(dpp) in ethanol 
 
The normalised spectra in Figure 2-25 clearly show the characteristic emission of Ru(dpp) around 
600 nm, confirming successful incorporation of the dye into the polymer spheres. The incorporated 
dye shows slightly blue-shifted emission compared to the free dye, possibly owing to steric effects as 
the diphenyl phenanthroline ligands will be in a more enclosed environment. The bead emission is 
well suited to standard photodetectors including low-cost, small silicon photodiodes. Use of organic 
photodetectors is also possible, with a growing range of suitable materials available that absorb in 
the region of Ru(dpp) emission. 
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2.5.4.3.2 Quantum Yields 
Quantum yields were measured using Equation 5 and the method described in Reference 123. The 
recorded quantum yields for aqueous solutions of PD beads, VINNOL/PEMAGM in THF (1 % dye 
loading) and PS-co-MA/BPA in DMF (1% dye loading) are shown in Table 2-7. 
 
SAMPLE 
QY (%) 
(± 5 %) 
Ru(dpp) 30  
PD 38 
PS-co-MA/BPA 38 
VINNOL/PEMAGM 37 
 
Table 2-7: Quantum Yields measured for Ru(dpp)-doped polymer beads with that of Ru(dpp) for comparison 
 
It is clear from Table 2-7 that encapsulation of Ru(dpp) results in almost a 25 % increase in quantum 
yield in all cases. Very similar results are seen for PD, PS-co-MA/BPA and VINNOL/PEMAGM 
suggesting these encapsulants shield the Ru(dpp) from oxygen to similar degrees. Encapsulation has 
been shown to increase the radiative emission pathways of dyes in the literature before, with higher 
quantum yields reported for PAN-co-AA encapsulated Ru(dpp) when compared with the free dye.49, 
50  
 
2.5.4.3.3 Luminescence Lifetime Analysis 
Ru(dpp) was selected for its long lifetime (6.23 µs), making it suitable for use in time-gated studies in 
which higher sensitivity can potentially be achieved owing to the elimination of any background 
signal caused by stray excitation light and autofluorescence. When Ru(dpp) is encapsulated in a 
polymer bead, the luminescence lifetime may alter owing to changes in the surroundings interfering 
with the decay pathways. The luminescence lifetime of Ru(dpp) and the encapsulated beads was 
measured using a time-correlated single photon counting (TCSPC) system, details of which may be 
found in Appendix 6.1.6. Concentrations of the solutions were equivalent to 90 μM of dye (based on 
absorption measurements). The time-resolved photoluminescence spectrum of crosslinked PS-co-
MA/BPA with 1 % Ru(dpp) loading is shown in Figure 2-26. 
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Figure 2-26: Time-resolved photoluminescence spectrum of crosslinked PS-co-MA/BPA dye-doped beads in aqueous 
solution fitted with a monoexponential function to give τ = 5.51 μs 
 
Figure 2-26 shows a good fit with a monoexponential function, confirming the presence of one 
major decay pathway leading to a luminescence lifetime of τ = 5.51 ± 0.005 μs. This figure shows 
that the long-lifetime of Ru(dpp) can be maintained even when encapsulated at 1 % loading in 
crosslinked PS-co-MA/BPA prepared in DMF. 5.51 μs is a very useful lifetime for time-gated studies, 
sufficient for easy electronic detection yet enabling quick repetition rates leading to better signal-to-
noise ratios. 
 
The luminescence lifetimes for PD and VINNOL/PEMAGM beads (1 % Ru(dpp) loading) are shown in 
Table 2-8 with the lifetimes of Ru(dpp) as a free dye for comparison. 
 
SAMPLE τ (μs) 
Ru(dpp) 0.82 
PD 6.28 
PS-co-MA/BPA 5.51 
VINNOL/PEMAGM 5.86 
 
Table 2-8: A table summarising the luminescence lifetimes (τ) of different dye-doped polymer beads and Ru(dpp) for 
comparison all in water  
 
Table 2-8 shows that PD and VINNOL/PEMAGM beads exhibit long lifetimes along with PS-co-
MA/BPA, with PD beads providing the longest luminescence lifetime of the beads tested with 
τ = 6.28 μs. These lifetimes demonstrate the effective encapsulation and shielding of Ru(dpp) from 
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quenching oxygen. Time-resolved photoluminescence measurements were also undertaken for the 
increased dye loadings carried out with PS-co-MA/BPA in DMF. Greater dye loadings could not be 
achieved with the VINNOL/PEMAGM beads therefore only PS-co-MA/BPA based beads were used 
for these tests. The resulting lifetimes are shown in Table 2-9. 
 
SAMPLE τ (μs) 
PS-co-MA/BPA (1%) 5.44 
PS-co-MA/BPA (2%) 4.67 
PS-co-MA/BPA (10%) 3.45 
 
Table 2-9: Luminescence decay lifetimes for different dye loadings in PS-co-MA/BPA beads 
 
The lifetimes displayed in Table 2-9 show that as the dye loading increases, the luminescence 
lifetime decreases. This is because as the concentration of Ru(dpp) in the beads increases, the dye 
molecules are in closer proximity to one another, leading to greater quenching of emission because 
of more non-radiative decay pathways. This effect has been reported in the literature with PAN 
based beads.49, 50 
 
2.5.4.3.4 Luminescence Stability Analysis 
A very important property required for luminescent beads to be used for immunoassays is the 
stability of luminescence over time when repeated measurements are taken. Photostability is often 
a criterion which dye-doped polymer beads do not meet satisfactorily, allowing dissolved oxygen in 
the water to permeate the bead and quench the dye luminescence. The photostability of Ru(dpp), 
PD beads, crosslinked PS-co-MA/BPA (1% dye loading) and non-crosslinked PS-co-MA/BPA beads 
was measured by recording emission spectra over time. Concentrations of the solutions were 
equivalent to 90 μM of dye. The resulting photostability graph is shown in Figure 2-27. 
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Figure 2-27: Photoluminescence stability over time of various Ru(dpp) doped polymer beads along with Ru(dpp) free dye 
for comparison. Recorded under excitation at λ = 465nm using a Horiba Yvon Fluoromax 2 spectrometer with quartz 
cuvettes at room temperature 
 
From Figure 2-27 it is evident that encapsulation of Ru(dpp) increases its photostability compared 
with the free dye in water. Uncrosslinked beads still allow quenching of Ru(dpp) to occur, albeit at a 
slower rate than unencapsulated dye. This suggests that uncrosslinked PS-co-MA/BPA is porous, 
allowing dissolved oxygen in the water to permeate the beads and quench the photoluminescence 
over time. Crosslinked PS-co-MA/BPA shows excellent photostability properties, comparable to 
those seen with the commercially sourced PD beads. A slight initial decrease in luminescence 
intensity is observed, attributed to Ru(dpp) molecules present on the surface of the beads and thus 
able to be quenched. This decrease is only short lived and the subsequent emission is constant over 
a period of at least 15 hours, suggesting that the majority of dye molecules are embedded in the 
polymer matrix and not at the surface. The excellent photostability shown by crosslinked PS-co-
MA/BPA is rare compared to those in the literature, recommending this polymer matrix for further 
study. 
 
2.6 Time-Gated Determination of Limit of Detection 
Alongside developing long-lived luminescent beads it is also important to consider developing 
miniaturised detection systems capable of time-gated detection, as described in Chapter 1. Existing 
equipment for time-gated detection is expensive and bulky, but there has been recent interest in 
exploring scalable alternatives. Rae et al. used complementary metal-oxide semiconductors and 
micro-LEDs to produce a miniaturised time-resolved fluorescence analysis system for lifetime 
analysis of short lifetime fluorophores, typically Rhodamine 6G and quantum dots.124 Such short 
time scales, though, do not allow the issue of biological media autofluorescence to be circumvented 
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easily, and thus there is still a need for miniaturised systems capable of detecting and integrating 
over longer time scales. 
 
 
Figure 2-28: A photograph of PS-co-MA/BPA Ru(dpp)-doped beads excited by a blue LED 
 
A low-cost gated circuit is under development by de Mello et al. and was used for the limit of 
detection studies described here. Full details of the equipment developed for use in these 
experiments are given in Appendix 6.1.9 and is shown in use in Figure 2-28. The dose response curve 
of the crosslinked PS-co-MA/BPA dye-doped beads (1%) is given in Figure 2-29 along with the data 
obtained for the PD beads as a comparison. 
 
 
Figure 2-29: A dose response curve for PS-co-MA/BPA dye-doped beads in aqueous solution, obtained in a face-on 
configuration using an inorganic LED (RS, #466-6250, 470 nm, Ø = 3 mm) as excitation source and silicon photodiode 
(Farnell, #149-5573, 800 nm, 500 MHz) as detector 
 
The linear response in Figure 2-29 shows very promising results for PS-co-MA/BPA dye-doped beads  
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Limit of detection, Λ, defined as “the concentration of analyte which yields a signal equal to the  
y-intercept plus three times the standard deviation of the blank”55 was calculated for each sample. 
For PD beads,  Λ = 0.0005 mg/ml. Dye-loading information for PD beads was not available. PS-co-
MA/BPA beads with a 1 % Ru(dpp) loading gave Λ = 0.004 mg/ml of beads, equivalent to Λ = 34 nM 
(4 x 10-5 mg/ml) of Ru(dpp). This is a very low limit of detection showing the highly sensitive nature 
of time-gated detection and the effective beads prepared using PS-co-MA/BPA. With optimisation of 
the beads even smaller limits should be accessible, demonstrating the efficacy of PS-co-MA/BPA as 
an encapsulant for luminescent dyes and the usefulness of the miniaturised detection system 
currently under development.  
 
2.7 Summary 
Dye-doped polymer beads have been prepared using novel polymer matrixes for the incorporation 
of Ru(dpp) via precipitation methods. The use of a crosslinking agent was shown to provide more 
stable particles, with best results using PS-co-MA/BPA to form beads of uniform size and shape with 
reduced tendencies to aggregate and coalesce when compared to single polymer encapsulants. 
Successful incorporation of Ru(dpp) into VINNOL/PEMAGM and PS-co-MA/BPA beads was achieved 
with the highest dye loading of 2 % using  PS-co-MA/BPA in DMF.  
 
Crosslinked Ru(dpp)-doped VINNOL/PEMAGM and PS-co-MA/BPA beads exhibited luminescence 
lifetimes between 5.44-5.86 µs, well suited to use in time-gated detection. PS-co-MA/BPA dye-
doped beads were readily used for time-gated limit-of-detection measurements using a purpose 
built circuit. Λ = 0.004 mg/ml of beads, equivalent to Λ = 34 nM (4 x 10-5 mg/ml) of Ru(dpp) for 1 % 
PS-co-MA/BPA dye-doped beads was achieved. 
 
PS-co-MA/BPA was shown to demonstrate excellent properties as a dye encapsulant for the 
preparation of nanoparticles. Further optimisation of crosslinked PS-co-MA/BPA beads is 
recommended to reduce particle sizes and to measure the number of surface functional groups. Use 
of these beads to demonstrate binding to biomolecules and use in immunoassays would be highly 
advantageous. 
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Egyptian Blue 
 
This chapter describes techniques developed for producing aqueous particulate suspensions of the 
ancient synthetic pigment cuprorivaite, better known as Egyptian blue. Cuprorivaite can be excited 
using standard light sources and exhibits a large Stokes’ shift and near-infrared emission, highly 
desirable for a potential biomedical label. Particles were prepared using a “top-down” approach by 
the adsorption of ammonium ions onto the pigment surface. The luminescence properties in bulk 
and dispersed particulate form were investigated and efforts were made to modify the surface 
functionality. 
 
A deep Egyptian blue ‘shabti’ (funerary figurine) dating back to the late 18
th
 Dynasty (1550-1292 BC) 
© Trustees of the British Museum 
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3 Egyptian Blue 
3.1 Introduction 
Over the years, archaeologists have discovered extraordinary examples of ancient artwork which 
have been preserved for centuries and millennia. Some of the most notable examples are wall 
paintings from Ancient Egypt, as shown in Figure 3-1, which are still clearly detailed and highly 
coloured. The remarkable preservation of these artefacts is attributable to the common usage of 
naturally occurring inorganic salts, such as iron oxides and ochres.125 When appropriate natural 
substances were unavailable, the Egyptians synthesised their own pigments from inorganic minerals.  
 
 
Figure 3-1: (left) Fragment of a polychrome tomb-painting with Egyptian blue, representing Nabamun (circa 1350 BC) © 
Trustees of the British Museum; (right) Lower part of Egyptian blue beard, made from copper silicate (Neo-Assyrian, 
875 BC – 865 BC) © Trustees of the British Museum 
 
The discovery of the first known synthetic pigment, Egyptian blue, has been attributed to the 
Ancient Egyptians as far back as the 3rd millennium BC.126-129 Records show the use of this pigment 
spreading throughout the Roman Empire but declining and dying out after the Empire’s fall, 
presumably owing to the loss of knowledge and techniques relating to its synthesis.130 The earliest 
studies of Egyptian blue in the 19th Century, by Chaptal,131 Davy,132 Fontenay133 and Fouqui127 
showed that it has the same structure and composition as the very rare, naturally occurring mineral 
cuprorivaite, CaCuSi4O10, which was first discovered in Vesuvio lava in 1938 by Minguzzi.
134  
 
Egyptian blue, a calcium copper silicate, was believed to be synthesised in Ancient Egypt by heating a 
mixture of quartz sand (SiO2), a copper compound such as malachite (Cu2CO3(OH)2), calcium 
carbonate (CaCO3) and an alkali, often potash (KOH/K2CO3) or natron (Na2CO3.10H2O) to between 
800 and 1000 °C.135 The pigment cake resembles blue pumice like rock which can then be used for 
carving decorative objects, as seen in Figure 3-1.  
Chapter 3    Egyptian Blue 
 
86 
 
Egyptian blue (or cuprorivaite) has attracted increasing interest in the literature, especially over the 
last decade, owing to advances in archaeological detection methods. Increasingly, archaeologists 
have sought non-invasive characterisation techniques, in particular fluorescence spectroscopy, for 
the detection of ancient pigments as they often display luminescent properties.136-139 The growing 
interest in Egyptian blue is clearly illustrated by the bar chart in Figure 3-2 which shows the 
frequency of publications relating to Egyptian blue or cuprorivaite over the last century.  
 
Figure 3-2: A bar chart showing the frequency of journal publications about cuprorivaite over the last century (This 
publication data was collected using the analysis function on SciFinder Scholar. Results are correct as of June 13
th
 2011)  
 
The majority of papers come from archaeology journals with very few addressing the chemistry of 
Egyptian blue in any detail. One exception by Accorsi et al.140 in 2009 reported high quantum yields 
of photoluminescence (around 10.5%) in the near-infrared region, making it highly attractive for 
applications in biomedical analysis. Detection in the near-infrared avoids the region where biological 
media autofluoresce and leads to increased sensitivity. Accorsi et al. analysed samples prepared by 
laser ablation of the pigment powder onto a substrate and confirmed that modern day synthetic 
cuprorivaite had almost identical optical properties to those of ancient samples.140, 141 In keeping 
with the terminology used by Accorsi, the commercially available synthetic Egyptian blue pigment 
will be referred to hereafter as synthetic cuprorivaite. 
 
Cuprorivaite can be obtained as crystals (most common in its rare natural form), pumice like 
fragments (when synthesised) and as a powder (ground down fragments sold as the commercial 
pigment). The luminescence of cuprorivaite, in all its forms, has been frequently attributed to the 
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Cu(II) ion centres in the mineral on the grounds that they are “expected to be the only 
photoluminescent components of cuprorivaite”.140, 142 However, this metal ion is not normally 
accredited with such luminescence, and greater understanding of the mechanisms of these 
photophysical properties is required. 
 
3.1.1 Origins of Luminescence in Minerals 
Luminescence in minerals, especially photoluminescence and cathodoluminescence, has been well 
documented throughout the years by mineral collectors and professional mineralogists alike.143 
Discussion here shall be confined to photoluminescence, as this is the mechanism by which most 
luminescent labels for biomedical applications emit and which will be relevant for this thesis.  
 
Photoluminescence in minerals can occur in a similar way to that seen in molecular systems, as with 
Ru(dpp) described earlier. Mineral emission is typically referred to as fluorescence in the literature 
regardless of its origin although this can be misleading and the more general term of 
photoluminescence is used here. The atom which acts as the luminophore is called the activator and 
can be a major component in the mineral lattice, although typically it is present in very low 
concentration as an impurity.143 Direct emission from the activator can occur, but, the process is 
normally more complicated owing to the surrounding atoms contributing to energy transfer 
pathways, which results in a process similar to Förster resonance energy transfer (FRET). In this case 
an atom, or even group of atoms, acts as a sensitiser (or co-activator) and absorbs a photon. If an 
activator is close by, energy transfer occurs and emission from the activator is seen. These processes 
are illustrated in Figure 3-3. 
 
 
Figure 3-3: (left) Schematics showing the energy level transitions during fluorescence and (right) photoluminescence in a 
sensitiser-activator system in a mineral from Reference 143 
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The activator requires an excited state at lower energy than that of the sensitiser in order for this 
process to occur. Examples of minerals exhibiting photoluminescence in this way include calcite 
samples with Mn(II) and Pb(II) impurities, where Pb2+ impurities in Ca2+ lattice sites act as the 
sensitiser and absorb UV radiation. Energy transfer from Pb2+ impurities to Mn2+ impurities occurs 
and Mn2+ emits long-lived photoluminescence.143 Mn(II) is a common activator and, depending on 
the surrounding atoms in a lattice, it is known to exhibit emission in all colours throughout the 
visible spectrum.143 
 
Impurities or defects which lead to photoluminescence in minerals fall into two main categories: 
firstly chemical defects, such as metal ions present in a crystal lattice, such as Mn2+ impurities in 
calcite (CaCO3, a polymorph of calcium carbonate). The second category is structural defects, and 
these include vacancies (where atoms are missing from the crystal lattice), elements with the wrong 
charge (for example O- in place of O2-) and dislocations.  
 
With this in mind, the luminescence of cuprorivaite is intriguing. As mentioned earlier, the 
luminescent properties of cuprorivaite have been attributed to the unusual square planar geometry 
of the Cu2+ ions in the crystal structure.142 Such geometry is unusual but not unknown for Cu2+ ions 
but examples of Cu2+ ions in square planar configurations exhibiting luminescence are unknown to 
this author.  
 
Dubicki et al. have worked on luminescent Cu2+ systems, measuring [CuF6]
4- luminescence in doped 
crystals by exciting directly into the weakly absorbing d-d bands using a Nd/YAG laser.144, 145 The 
reasoning behind the unusual luminescence in this case was that there was near cubic symmetry, 
resulting in large separation between the Eg and T2g states in the emitting geometry.
146 The Jahn-
Teller distortion splits the Eg state and the upper component causes fast relaxation from any of the 
T2g state components before luminescence. 
 
Based on this work, Riley et al. investigated Cu2+ square-planar systems where the tetragonal 
distortion is so large that the transition to the z2 orbital hole is highest in energy. Removing this state 
as a relaxation pathway was hypothesised to lead to luminescence, although attempts to detect 
luminescence from square-planar [CuCl4]
2- complexes resulted in no success even though several 
different systems were tried.146 Based on these reports the unique environment of Cu2+ in 
cuprorivaite seems to enable the radiative decay pathways not otherwise seen in Cu2+ systems. 
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3.2 Objectives 
Owing to its high stability, high quantum yield and long-lived emission, synthetic cuprorivaite is an 
attractive candidate for use in biomedical analysis. The work undertaken in this chapter describes 
efforts to assess cuprorivaite for this purpose, and focuses on three main objectives: solid sample 
characterisation, suspension formation and investigation of luminescent properties. These 
objectives, along with a description of the work undertaken to achieve them, are outlined in Figure 
3-4. 
 
 
 
 
 
Figure 3-4: A schematic showing the outline of the cuprorivaite investigations carried out in this work 
 
Section 3.4 describes the methods used to verify the identity of the different forms of Egyptian blue 
used in this work along with details of the preparation of suitable samples needed for certain 
measurements. This section includes fundamental characterisation techniques such as X-ray 
diffraction (XRD) and elemental analysis (EA). Sections 3.5 and 3.6 detail the investigative work 
developing particle suspensions (performed in conjunction with Prof. Walter Caseri at ETH, Zürich) 
and characterising them and gaining further understanding concerning their luminescent properties. 
SOLID SAMPLE 
CHARACTERISATION 
Optical characterisation: 
absorption, 
photoluminescence and 
luminescence lifetime 
measurements  
Physical characterisation: 
XRD, Elemental Analysis, 
X-Ray Crystallography 
SUSPENSION 
FORMATION 
Specific surface area 
calculations 
Ion-exchange 
treatments 
Adsorption of 
functional groups 
onto particle surface 
SUSPENSION 
LUMINESCENCE 
INVESTIGATION 
Photoluminescence 
and absorption 
measurements 
SAMPLE PREPARATION & CHARACTERISATION 
Chapter 3    Egyptian Blue 
 
90 
 
3.3 Sample Preparation 
The synthetic cuprorivaite pigment came as a finely ground powder with average particle size of 
5 µm (see Figure 3-5).  
 
 
Figure 3-5: A photograph of powdered synthetic cuprorivaite as bought from Kremer Pigmente GmbH 
 
Cuprorivaite is insoluble in all solvents other than hydrofluoric acid. As a consequence, in order to 
use this pigment for experiments and to explore its potential in biological applications, it was 
necessary to prepare films, source crystals and larger pieces of the pigment cake and to solubilise 
the particles. The solubilising of synthetic cuprorivaite is outlined in Section 3.5. The next section 
details how the solid samples of synthetic and natural cuprorivaite were sourced and prepared for 
use in subsequent experiments. 
 
3.3.1 Solid Samples 
Single crystals of cuprorivaite were borrowed from the Natural History Museum, London. They 
measured approximately 0.8 x 0.5 x 0.1 mm and were used for unit cell measurements and crystal 
structure determination 
 
Fragments of synthetic cuprorivaite were kindly donated by Kremer Pigmente GmbH and were 
approximately 1.5 x 1 x 0.5 cm in size. These were used for some spectroscopy studies to act as a 
comparison between unmodified synthetic cuprorivaite and the particle suspensions.    
 
3.3.2 Film preparation 
To aid the optical characterisation of synthetic cuprorivaite, samples of the pigment were prepared 
as pressed composite films with poly(vinylidene fluoride) (PVDF), as shown in Figure 3-6.  PVDF films, 
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unlike the fragments mentioned in the previous section, allowed absorption measurements to be 
carried out on the unmodified synthetic cuprorivaite.  
 
 
Figure 3-6: A photograph showing the synthetic cuprorivaite/PVDF pressed films on a glass slide with cover glass cover 
plate 
 
PVDF has found use in blends for transistor devices147 and was found to be well suited to the 
preparation of cuprorivaite solid-state pressed blends for the production of thin films. The films 
were prepared by pressing synthetic cuprorivaite (30 mg) with PVDF (70 mg) at 100 °C for  
30 mins under a load of 10 N on 1 cm2 substrates (equivalent to 105 Pa) using a Specac hydraulic 
pellet press.148 The resulting films were used for preliminary absorbance and emission 
measurements to complement the spectroscopic studies of the synthetic cuprorivaite solutions. 
 
3.4 Sample Characterisation 
Before starting the suspension formation studies and optical characterisation of the synthetic 
cuprorivaite, the composition and purity of all the cuprorivaite samples used in this work was 
investigated. A number of techniques were used for this purpose, and the results are summarised in 
this section.  
 
3.4.1 Elemental Analysis 
Elemental analysis (EA) is a fundamental technique used to determine the expected composition of a 
sample and is widely used to characterise new compounds. As a result of the pigment being sourced 
from an arts supply company, not a chemical manufacturer, the composition of the synthetic 
cuprorivaite was verified by EA and compared with the expected results based on the empirical 
formula, CaCuSi4O10.  
 
Owing to the inherent insolubility of cuprorivaite, sample preparation and thus attainment of 
reliable results is complicated. Despite this, successful EA was performed by Butterworth 
Laboratories Ltd. To do so, the sample was ashed and fused in lithium borate, dissolved in dilute 
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nitric acid and analysed by inductively coupled plasma optical emission spectrometry (ICP-OES). Full 
details may be found in Appendix 6.1.8. The key results are shown in Table 3-1 along with the 
expected percentages by weight for an ideal stoichiometric sample.  
 
ELEMENT EXPECTED (%) 
MEASURED (%) 
VARIATION (%) 
RUN 1 RUN 2 AVERAGE 
Ca 10.66 9.60 9.40 9.4 1.26 
Cu 16.90 15.3 14.5 14.9 2.00 
Si 29.88 27.4 26.6 27.0 2.88 
O 42.56 n/a n/a n/a n/a 
Na 0 1.00 0.92 0.96 0.96 
 
Table 3-1: A table displaying the EA results (calculated and found) for synthetic cuprorivaite 
 
These results show good agreement with those expected from the empirical formula of 
cuprorivaite, all lying within ±5 %. Some sodium is seen in the sample as an impurity, presumably 
introduced during the synthesis which involves Na2O and NaCl.
149, 150 It is widely known that 
synthetic cuprorivaite contains impurities from unreacted starting materials, such as quartz and 
silicon dioxide, unlike the rare naturally occurring mineral which closely matches the empirical 
formula.126 Thus some variation from the calculated composition is expected. 
 
3.4.2 X-Ray Diffraction 
Powder XRD was carried out on the synthetic cuprorivaite to detect the crystalline phases and 
confirm the identity of the sample. XRD is one of the most effective techniques available to confirm 
the chemical composition of a powder, and it is widely used by archaeologists to verify samples of 
Egyptian blue in artwork.138, 151-153 Mirti et al. reported that different reagent compositions in the 
synthesis of cuprorivaite lead to differing amounts of impurities, for example quartz, wollastonite 
and cuprite, which can be readily identified by characteristic crystalline phase XRD peaks.154 The XRD 
spectrum of synthetic cuprorivaite is shown in Figure 3-7 along with the stick pattern for the ideal 
diffraction data.155  
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Figure 3-7: The powder x-ray diffraction (XRD) pattern of synthetic cuprorivaite (blue) and the reference pattern (red) 
shown as the detector position (°2θ) against signal intensity (a.u.). The reference plot was calculated from the ICSD 
structure
155
 and shows excellent agreement with the sample 
 
A table containing the full XRD analysis data can be found in Appendix 6.1.10 along with the 
reference data. As can be seen clearly from the plot, the spectral peaks showed very good 
agreement with the reference data155 and also with measurements reported in the literature.156, 157 
Different batches of the sample showed very similar peaks with negligible variations, confirming that 
the cuprorivaite samples used throughout this work all had the expected composition. No erroneous 
peaks were visible in Figure 3-7, indicative of the use of the optimal stoichiometries in the 
preparation mixture leading to the complete reaction of starting materials and formation of 
cuprorivaite with minimal contamination from impurities.  
 
There is however an observable mismatch in relative intensity between the experimental and 
reference peaks as a consequence of the reference data being calculated from crystallographic data 
for single crystals and the experimental data being obtained from polycrystalline samples. In this 
case, the peak positions are the most important factor when verifying composition. 
 
3.4.3 X-Ray Crystallography 
X-ray crystallography of single crystals of naturally occurring cuprorivaite was used to verify the unit 
cell and determine the crystal structure. The unit cell was successfully resolved for a single crystal of 
cuprorivaite and the cell lengths and angles are shown in Table 3-2. Details are provided in 
Appendix 6.1.11. 
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CELL LENGTHS 
(Å) 
CELL ANGLES 
(°) 
a 7.3018(3) α 90.024(3) 
b 7.3042(2) β 89.978(3) 
c 15.1101(5) γ 89.981(3) 
 
Table 3-2: The unit cell data for the single crystal of cuprorivaite, courtesy of Dr Andrew J.P. White, Imperial College 
London 
 
The volume of the unit cell was calculated as 805.88 Å3 (measured at 100 K), lower than the value of 
811.4 Å3 reported by Bensch et al.158 presumably due to the latter being obtained at a higher 
temperature. The structure generated from the crystal data shown in Appendix 6.1.11 can be seen 
in Figure 3-8.  
 
 
Figure 3-8: The crystal structure of cuprorivaite, CaCuSi4O10, showing the Cu
2+
 ions in the unusual square planar 
configuration. Courtesy of Dr Andrew J.P. White, Imperial College London 
 
The resolved structure clearly shows the copper in a square planar geometry bonded to four oxygen 
atoms. This copper centre, to which the unusual long-lived luminescence has been attributed,142 is of 
high symmetry with 90.0 ° O-Cu-O angles. Cuprorivaite has a tetragonal crystal structure belonging 
to the space group P4/ncc. Crystal data in Appendix 6.1.11 is in good agreement with reports in the 
literature159 and confirms the tetragonal symmetry of Cu(II).156, 159 The packing structure of 
cuprorivaite obtained from the crystal structure data is shown in Figure 3-9. 
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Figure 3-9: The crystal structure diagram of cuprorivaite showing the alternating silicate/cation layers interspersed with 
four-coordinate square planar Cu(II) ions 
 
Cuprorivaite is a layered silicate mineral of the Dana class phyllosilicate, members of which are 
characterised by having parallel sheets of silicate tetrahedra as can be clearly seen in Figure 3-9. 
Silicate layers are sandwiched by a layer of calcium ions on either side with copper ions lying 
between the silicate and calcium ion layer. Figure 3-9 clearly shows these silicate layers held 
together by cations. This is important for surface modification studies where cation exchange is 
used to introduce surface functional groups to reduce particle size. 
 
3.4.4 Electron Paramagnetic Resonance 
Electron paramagnetic resonance (EPR) spectroscopy is a useful non-destructive technique for 
identifying paramagnetic species in a material. EPR is analogous to the more widely used nuclear 
magnetic resonance (NMR) spectroscopy but instead of probing the spin of atomic nuclei it looks at 
silicate layer 
silicate layer 
cation layer 
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electron spins. Cuprorivaite has paramagnetic Cu2+ ions, with an electronic configuration of 
[Ar] 4s0 3d9 (see Figure 3-10), which should show a distinct Cu2+ signal in the EPR spectrum. 
  
 
Figure 3-10: An energy level diagram showing the electronic configuration of the Cu
2+
 ion in a square planar geometry 
 
As mentioned earlier, luminescence in minerals is usually ascribed to paramagnetic metal impurities 
in the sample, typically transition metals or lanthanide traces. Although no other metals were 
identified in the XRD or EA, EPR was used to support these findings in order to confirm that 
paramagnetic metals (such as Mn(II) or Fe(II)) were not present in the sample, and could not 
therefore have an effect on the luminescence of the material. The EPR spectrum of synthetic 
cuprorivaite is shown in Figure 3-11. 
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Figure 3-11: The EPR powder spectrum recorded at 5 K on a ground synthetic cuprorivaite sample. The spectrum was 
recorded using a constant microwave frequency, X-band ~9.4 GHz, courtesy of Mr Daniel Sells, Manchester University. 
 
The spectrum in Figure 3-11 was taken using a constant microwave frequency (X-band, ~9.4 GHz) 
whilst scanning the magnetic field at 5 K. The spectrum shows two clear absorption lines at 2892 G 
and 3177 G which have been assigned previously in the literature to the components parallel (ǁ) and 
perpendicular (ǂ) to the external magnetic field respectively.130, 160 The g-value, a quantity used to 
indicate the electronic structure of a paramagnetic centre, can be calculated for these two signals 
using Equation 8: 
 
   
 
  
       
 
                           
Equation 7 
 
This equation yields gǁ = 2.322 and gǂ = 2.113, typical with cuprorivaite samples previously reported, 
and of the order of g-values assigned to a paramagnetic centre in an oxygen ligand field in either a 
distorted octahedral or square planar geometry. The appearance of these signals therefore support 
the Cu(II) D4h (square-planar) configuration attributed to this material.
154 
 
No evidence was seen for low levels of Mn(II) or Fe(II) impurities, although this is not conclusive 
owing to the lack of hyperfine structure caused by the relatively high Cu(II) concentration present in 
cuprorivaite.130, 154 Bearing in mind the reagents used in synthesising the commercially sourced 
cuprorivaite and the results from the EA, XRD and EPR measurements, the sample appears to be free 
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of metal impurities and therefore the origin of emission in cuprorivaite does appear to be inherent 
to the defined mineral composition. EPR confirms the presence of the paramagnetic Cu2+ species in 
the mineral. 
 
3.4.5 Particle Size Analysis 
The synthetic cuprorivaite came as a polydisperse powder, from Kremer Pigmente GmbH, with mean 
particle size along the longest axis of approximately 5 μm (see Figure 3-12).  
 
 
 
 
Figure 3-12: (left) Optical micrograph of synthetic cuprorivaite particles dropcast from ethanol onto a glass slide; (right) 
Histogram showing the size distribution of synthetic cuprorivaite particles bought from Kremer Pigmente 
 
Particles were imaged using an optical microscope and the size distribution determined by manually 
measuring the longest axis of 300 particles in the image. A wide distribution of particle sizes was 
present from barely visible to 20 μm; for use in biomedical applications, submicron particles with a 
narrow size distribution are needed.  
 
3.4.6 Absorption & Photoluminescence Spectroscopy 
Accorsi et al.140 were the first to report the infrared luminescence of cuprorivaite. This has been of 
great interest in the field of archaeology, highlighting the value of luminescence spectroscopy as a 
non-invasive technique for identifying cuprorivaite artefacts.138 Absorption and photoluminescence 
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spectra of synthetic cuprorivaite are shown in Figure 3-13. Measurements were taken using the 
pressed synthetic cuprorivaite films with PVDF. The films were transparent enough to allow for 
absorbance measurements to be carried out and a PVDF film was used as a blank to correct the 
spectra. 
 
 
Figure 3-13: The absorption (blue) and photoluminescence (green) spectra of synthetic cuprorivaite 
 
The characteristic absorption of cuprorivaite is clearly seen in Figure 3-13 with λmax at 622 nm. Along 
with this maximum, another two features are evident, a shoulder at approximately 550 nm and 
another around 800 nm. These peaks have been assigned in the literature as 2B1g → 
2A1g (550 nm), 
2B1g → 
2Eg (622 nm) and 2B1g → 
2B2g (800 nm) corresponding to the energy level transitions shown in 
Figure 3-10. The broad absorption of cuprorivaite is well suited to many standard light sources 
including HeNe lasers and low-cost red LEDs. 
 
Figure 3-13 shows the intense near-infrared emission reported by Accorsi et al.140 centred at 910 nm 
and a large Stokes’ shift of 290 nm between the two main peaks. The broad emission peak centred 
at 910 nm has a FWHM of 120 nm and is well suited to InGaAs detectors and a number of organic 
photodetectors. No unexpected peaks or changes to the spectral structure are observed from that 
previously reported.140 Cuprorivaite, along with the analogous compound Han blue (BaCuSi4O10), is 
the only known example of Cu2+ to exhibit luminescence in the NIR and to my knowledge the only 
example of a square planar Cu2+ exhibiting luminescence.   
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3.4.7 Luminescence Lifetime Determination 
Time-resolved photoluminescence of a synthetic cuprorivaite fragment was recorded using an N2 
pumped dye laser (GL-3300 Nitrogen Laser, Photon Technology International) as the excitation 
source at λexc = 637 nm, pump power 7.9 µJ cm
-1. The resulting decay is shown in Figure 3-14. 
 
 
Figure 3-14: Time-resolved photoluminescence decay of a synthetic cuprorivaite fragment (blue), τ = 93.7 μs ±0.3 μs, 
λexc = 637 nm, fitted using a monoexponential (red line) 
 
The decay seen in Figure 3-14 was fitted using a monoexponential function to give a calculated 
lifetime of 93.7 ±0.3 μs - slightly lower than that measured by Accorsi et al. (107 μs).140 Such a long 
lifetime is useful for time-gated detection applications, and is similar to lifetimes observed with 
lanthanide chelates that are widely used as labels.41, 87, 89, 161  
 
3.4.8 Variable Temperature Luminescence 
The effects of varying the temperature on the photoluminescence intensity and peak emission 
wavelength were investigated to complement the findings of Ford et al.162 from 1979. Ford’s 
experiments measured the electronic spectra of synthetic cuprorivaite single crystals at varying 
temperatures and revealed interesting behaviour in this Cu2+ system. Single crystals were too small 
for these measurements therefore Figure 3-15 shows the photoluminescence spectra of a solid 
fragment of synthetic cuprorivaite at varying temperatures, recorded using a He cooled cryostat and 
a 4 mW 633 nm HeNe laser as excitation source. 
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Figure 3-15: The photoluminescence spectra of a solid fragment of synthetic cuprorivaite recorded at varying 
temperatures (HeNe λexc = 633 nm) 
 
The photoluminescence spectrum of synthetic cuprorivaite is shown in Figure 3-15 and underwent a 
20 nm red shift as the temperature was increased from 15 K to room temperature. This is in-keeping 
with Ford’s observation of a slight shift in absorption spectra to longer wavelength as the 
temperature is raised and is attributable to an expansion of the unit cell with increasing 
temperature, which results in a smaller effective ligand field and therefore the transition shifting to 
lower energy.146 The variation in luminescence intensity against temperature is shown in Figure 3-16.  
   
 
Figure 3-16: A graph showing the photoluminescence intensity of synthetic cuprorivaite decreasing as temperature 
increases 
 
Figure 3-16 shows a decrease in luminescence intensity as the temperature is raised owing to the 
existence of more non-radiative pathways as lattice vibrations increase.146 
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3.5 Suspension Formation 
Any potential biolabel should form a stable aqueous suspension and have appropriate functional 
groups on the surface for coupling to antibodies. In its as-made form, cuprorivaite is insoluble in 
water and other solvents (except hydrofluoric acid) and has no reactive groups on its surface.  As a 
consequence, the principal objective of this work was to solubilise cuprorivaite particles by adding 
surface functionality until a stable suspension could be achieved. During this procedure it was hoped 
that agitation of the sample might contribute to reducing particle size as well. Nanoparticle 
preparation methods fall into two main categories: bottom-up and top-down. In the bottom-up 
approach, nanoparticles are formed through chemical synthesis, and growth is terminated in the 
nanometre size regime. This strategy is the most widely used owing to increased control on a 
molecular level (e.g. quantum dot synthesis from precursor solutions and the ruthenium/polymer 
synthesis discussed in Chapter 2). In the top-down approach a bulk material is broken down to 
create particles of reduced size (e.g. ball-milling).  
 
In the case of synthetic cuprorivaite, the top-down approach is the most suitable since the nature of 
the starting materials and high synthesis temperature make a bottom-up method problematic. 
Agitation during the adsorption of functional groups,  although less rapid, reduces the possibility of 
introducing impurities that often occurs with ball-milling methods163, 164 and allows for the 
investigation of the cuprorivaite surface, a subject that has received little attention previously. 
 
The following sections outline the particle preparation strategies employed in this work by the 
adsorption of new functional groups onto the mineral surface. A fundamental part of this work was 
the calculation of the specific surface area of synthetic cuprorivaite described in 3.5.1. 
 
3.5.1 Surface Chemistry Studies 
Understanding the natural surface chemistry of cuprorivaite is helpful in determining appropriate 
strategies to modify it. Surface functionalisation is commonly required for a number of nano- and 
microparticles, especially for inorganic particles which use functionalised ligands to stabilise particles 
during growth (e.g. quantum dots). Organic ligands are frequently used for this purpose as they can 
be easily synthesised with a range of different reactive groups, enabling a choice of functional 
groups for modified particles.  
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3.5.1.1 Specific Surface Area Determination 
One important challenge is to determine the specific surface area (SSA), i.e. the total surface area 
per unit mass. SSA is used in a wide range of fields, from soil science (as an indicator of water 
retention of different soil types165) to biochemistry (for understanding bacteria interactions with 
surfaces166). 
 
To the best of my knowledge, the specific surface area of cuprorivaite has not previously been 
reported. The specific surface area of inorganic materials has been determined from adsorption of 
methylene blue (MB) for many decades.167-169 MB has the chemical formula C16H18ClN3S·xH2O and in 
aqueous solution forms the cation shown in Figure 3-17. 
 
 
 
Figure 3-17: The structure of the methylene blue cation (MB
+
) 
 
Adsorption of MB molecules can be measured spectrophotometrically, which provides a simple 
method for monitoring the progress of the reaction. MB has a strong affinity for many different solid 
surfaces170-174 and therefore it is the preferred choice for layered minerals and as such, was the 
chosen method for these studies. MB can be used as a suitable proxy for other ammonium ions, 
allowing initial study and easy monitoring of MB adsorption behaviour on surfaces before alternative 
smaller ammonium ions are used, as outlined in 3.5.2. 
 
Adsorption can be defined as the attachment of particles (atoms, ions, or molecules of gases, liquids 
or dissolved solids) to a surface.175 This creates a layer of particles of the adsorbate on the surface of 
the adsorbent. In the present case, MB is the adsorbate and synthetic cuprorivaite is the adsorbent. 
Adsorption of MB+ and desorption of Ca2+ from the synthetic cuprorivaite surface is a dynamic 
process and can thus be described using rate equations.  
 
When the rates of MB adsorption, 
    
  
, and Ca2+ desorption, 
    
  
, reach zero, 
    
  
   
    
  
   , the 
equilibrium state has been reached which sees a constant fractional coverage of the synthetic 
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cuprorivaite surface. A schematic of the adsorption and desorption processes is shown in Figure 
3-18.  
 
  
Figure 3-18: A schematic showing the adsorption of two MB
+
 ions and desorption of Ca
2+
 onto the synthetic cuprorivaite 
surface 
 
To model the adsorption of MB onto the synthetic cuprorivaite surface, a number of assumptions 
and approximations have to be made. Firstly, that the ion exchange of MB+ and Ca2+ can be 
represented as:167 
 
                                                                
Equation 8 
 
Secondly, for the purpose of surface area determination, the MB molecule is approximated as a 
rectangular parallelepiped. From literature derived data in Table 3-3 it is clear that there is variation 
in the agreed dimensions of the MB molecule leading to flat surface areas ranging from 66 Å2 167 to 
133.8 Å2.176 For the qualitative investigations described here it was assumed that MB has a surface 
area of 100 Å2 per molecule, an approximate average of the values in Table 3-3. 
 
 
 
 
 
 
 
2 x 
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 DIMENSIONS (Å) AREA (Å2) 
REF. LENGTH (L) WIDTH (W) HEIGHT (H) FLAT (L.W) EDGE-ON (L.H) END-ON (W.H) 
167 - - - 66 - - 
177 12.4-14.7 5.6-6.5 5.1 69.4-95.6 63.2-75.0 28.6-33.2 
176 17.6 7.6 4.2 133.8 73.9 31.9 
178 12.5-15.0 5.65-6.5 5.1 70.6-97.5 63.8-76.5 28.8-33.2 
179 16.0 7.0 4.0 112.0 64.0 28.0 
180 17.0 7.6 3.25 129.2 55.3 24.7 
181 - - - 130.0 - - 
182 - - - 120.0 - - 
183 14.3 6.1 4.0 87.2 57.2 24.4 
 
Table 3-3: A table showing the varying molecular dimensions of MB reported in the literature adapted from  
Reference 167 
 
 Another point to note is that, depending on the orientation of the MB molecule when it adsorbs to 
the surface, the area occupied by the ion varies. It is generally accepted in the literature that the MB 
ion normally orientates with its largest face on the adsorbent surface167, 180-182 but cases have been 
found where other orientations are evident.178-180 To add to this, in some cases a monolayer of MB 
ions is assumed167, 178, 180, 181 whereas in other cases, bilayers are thought to form.182, 184, 185  
 
The specific surface area (SSA) is given by: 
 
    
    
 
 
Equation 9 
 
where    is the number of moles of dye adsorbed per gram of adsorbate (mol/g) at one monolayer 
coverage,   is Avogadro’s number (6.023 x 1023 molecules/mol),   is the molecular area of MB 
(m2/molecule) and   is the coverage factor (2.0 for MB). The coverage factor is defined as the factor 
by which adsorption of adsorbate exceeds the theoretical monolayer coverage.186 
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3.5.1.1.1 Methylene Blue Adsorption 
Using elemental analysis of the MB powder, the number of complexed water molecules per MB 
molecule was found to be 4.5 giving a Mw of 400.83. The adsorption/desorption equilibrium was 
determined by stirring MB with synthetic cuprorivaite until a constant coverage was detected. 
Details of the procedure are included in Appendix 6.2.  
 
Maintaining the number of MB molecules present in the reaction vial throughout the whole reaction 
is important. Removing aliquots from the same reaction vessel for each measurement would have 
altered the concentration over time and invalidated the latter results. Therefore, aliquots were 
taken at set time intervals from a set of identical reaction vessels to ensure the original 
concentration was effectively maintained throughout. All vials were sealed to prevent evaporation. 
The mass of synthetic cuprorivaite and water used in each vial was recorded and the number of 
moles of MB adsorbed corrected accordingly.  
 
The solutions were analysed using UV-Vis absorption; a calibration graph of MB concentrations 
versus extinction coefficient at 664 nm was used to determine the variation of the MB concentration 
with time and the number of moles of MB present in the solution. The difference between the 
number of moles present in solution and the maximum (the stock MB concentration) determined 
the number of moles adsorbed to the cuprorivaite surface at each time interval, which could then be 
used to plot an adsorption isotherm.  
 
This process was repeated using different concentrations of MB until the amount of MB in solution 
was approximately equal to that adsorbed (i.e. the plateau was approximately 50% of the maximum 
level of dye available). Figure 3-19 shows the adsorption isotherm determined using 44 µM MB. 
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Figure 3-19: : (top) Absorption spectra of MB solutions over time  (bottom) An adsorption isotherm showing the effect of 
contact time on the amount of methylene blue (MB) adsorbed onto synthetic cuprorivaite surfaces (red) and the 
maximum level of dye available for adsorption throughout (black dotted line)  using 44 µM MB  
 
Figure 3-19 shows that 95 % of the MB molecules in solution adsorbed to the synthetic cuprorivaite 
surface when using a concentration of 44 µM MB. Although a plateau is seen from approximately 
70 hr, adsorption was limited by too low a MB concentration. The stock concentration was thus 
increased until the optimal concentration was found. The adsorption isotherm for the optimal 
concentration of 270 µM MB is shown in Figure 3-20 along with the corresponding absorption 
spectra of the bulk MB solution over time. 
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Figure 3-20: (top) Absorption spectra of MB solutions over time (bottom) An adsorption isotherm showing the effect of 
contact time on the amount of methylene blue (MB) adsorbed onto synthetic cuprorivaite surfaces (green) and the 
maximum level of dye available for adsorption throughout (black dotted line)  
 
Figure 3-20 shows that at least 124 hr was necessary for the adsorption to reach equilibrium. The 
surface of cuprorivaite has Ca2+ ions with high lattice energies and therefore the 
adsorption/desorption is slower than for other minerals with surface ions of lower valency (e.g. Li+ 
on mica surfaces). 
 
Figure 3-20 shows a decrease in MB absorption over time, indicative of MB depletion from the 
solution as a result of adsorption on the synthetic cuprorivaite surface. Figure 3-20 displays a typical 
adsorption isotherm, with an initial increase in the number of moles of MB adsorbed, finally 
reaching a plateau when the adsorption equilibrium is achieved and all available sites occupied on 
the synthetic cuprorivaite surface.  
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A two-stage process is evident from Figure 3-20, with an initial plateau reached between 24-48 hr 
and a second after 124 hr. One can attribute this behaviour to the initial adsorption of MB molecules 
onto the available synthetic cuprorivaite surfaces during the first stage and break up of the parallel 
sheets exposing new surfaces onto which more MB can adsorb in the second stage. 
  
Using the results obtained in this experiment, an approximate SSA value was determined for 
synthetic cuprorivaite. No reported values could be found in the literature for cuprorivaite and in 
fact no SSA values could be found for analogous phyllosilicate materials (such as effenbergerite). 
Other phyllosilicate materials show a wide range of SSA values (16-800 m2  g-1 187-189) depending on 
how tightly bound the lamellae were. With the presence of Ca2+ between the silicate sheets, one 
would expect cuprorivaite to be less likely to delaminate and thus show a smaller SSA.  
 
Using the relationship given in Equation 9, the results obtained in Figure 3-20 imply an SSA between 
4 – 8 m2 g-1 for synthetic cuprorivaite, using MB molecular areas from Table 3-3. This value is low, in 
the order commonly seen with kaolinite or gibbsite minerals,190 indicative of the tightly bound 
lamellae.  
 
3.5.1.2 Increasing the Specific Surface Area 
The low SSA of cuprorivaite could be a limiting factor to introducing functionality to the synthetic 
cuprorivaite surface. Therefore, any method which can be used to increase the SSA would be 
beneficial. With this in mind, two different methods were investigated and compared to further 
increase the SSA available for particle functionalisation: cation exchange and the use of chelating 
agents, specifically ethylenediaminetetraacetate (EDTA).  
 
3.5.1.2.1 Cation Exchange 
In order to functionalise the synthetic cuprorivaite particle surface, suitable ammonium ions need to 
be exchanged for the surface Ca2+ ions, which is unfavourable because the Ca2+ ions are tightly 
bound. By first exchanging the Ca2+ ions for smaller Li+ ions however, it may be possible to increase 
the adsorption rates of the ammonium ions because Li+ (despite its smaller radius) has lower lattice 
energy than Ca2+ owing to its lower ionic charge.  
 
In order to replace the surface Ca2+ ions with Li+ ions, the synthetic cuprorivaite must be subjected to 
an excess of Li+ to drive the cation exchange reaction. The method employed in this work was 
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adapted from Caseri et al. who investigated the use of high concentrations of LiNO3 to cleave 
muscovite samples.168 Synthetic cuprorivaite was heated under reflux with an excess of lithium 
nitrate at 180 °C for 48 hr. The resulting mixture was filtered and washed with water to remove the 
excess lithium nitrate precipitate and the solid dried at 130 °C under vacuum overnight before being 
used in subsequent reactions. The synthetic cuprorivaite appeared greyer in colour after the LiNO3 
treatment.  
 
The treated synthetic cuprorivaite was used in MB adsorption reactions to study the effect of cation 
exchange on the adsorption of MB onto the cuprorivaite surface. A similar procedure was followed 
as to that used in 3.5.1.1.1. The absorption spectra and adsorption isotherm produced from Li-
treated synthetic cuprorivaite are discussed in Section 3.5.1.2.3. 
 
3.5.1.2.2 Chelating Agent - EDTA 
EDTA is a chelating ligand (see Figure 3-21), able to coordinate to cations in solution. It was thought 
that by adding it to the MB and synthetic cuprorivaite solution, a notable enhancement in 
adsorption rates should be observed. EDTA coordinates to Ca2+ ions, effectively “mopping” them up 
from the solution, so (it was hoped) favouring the forward reaction shown in Equation 8. 
 
 
Figure 3-21: The chemical structure of EDTA disodium salt 
 
The resulting absorption spectra and adsorption isotherm produced from using EDTA with 
synthetic cuprorivaite is discussed in Section 3.5.1.2.3. 
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3.5.1.2.3 Results 
Two sets of reactions were carried out to compare the efficacy of the cation exchange and chelating 
agent on increasing SSA. MB adsorption isotherms were measured using EDTA (Test 1) and Li-treated 
synthetic cuprorivaite (Test 2). The reagent quantities and concentrations are shown in Table 3-4 for 
comparison. The overall concentration of MB in solution was 270 µM. 
 
TEST 1 TEST 2 
CaCuSi4O10 (50 mg) Li
+ treated CaCuSi4O10 (50 mg) 
MB (9 ml, 300 µM) MB (9 ml, 300 µM) 
EDTA (1 ml, 10mM) No EDTA, only 1 ml of water 
 
Table 3-4: A table showing the reagents for the experiments used to determine the equilibrium adsorption of MB onto 
the synthetic cuprorivaite surface 
 
Multiple identical vials containing the reagents listed in Table 3-4 were prepared and the same 
protocol used as described in 3.5.1.1.1, measuring the absorption spectra of the solutions at 
different time intervals and calculating the number of moles of MB adsorbed to the synthetic 
cuprorivaite surface. At each time interval the solutions were stopped from stirring and allowed to 
settle before absorption spectra were recorded. A number of times, especially at longer reaction 
times, the baseline of the solutions was high, attributed to synthetic cuprorivaite absorption. In 
these cases, solutions were centrifuged to speed up particle sedimentation and to enable the 
acquisition of MB absorption alone. The fact that synthetic cuprorivaite absorption was observed 
indicated that adsorption of ions onto the particle surface was a potential route to solubilising 
synthetic cuprorivaite in water. The adsorption isotherms obtained for these tests, along with the 
results for the untreated synthetic cuprorivaite from Figure 3-20 for comparison, are shown in Figure 
3-22. Isotherms were produced following the same method as before, correcting for variation in 
mass of synthetic cuprorivaite and water. 
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Figure 3-22: (top) Absorption spectra of MB solutions over time for (left) Li treated synthetic cuprorivaite and (right) 
untreated synthetic cuprorivaite with EDTA (bottom) Adsorption isotherms showing the effect of contact time on the 
amount of methylene blue (MB) adsorbed onto synthetic cuprorivaite in the presence of EDTA and onto Li
+
 treated 
synthetic cuprorivaite. The maximum amount of dye available (black dotted line) and the untreated synthetic 
cuprorivaite data are shown for comparison 
 
It is clear that the presence of EDTA increases the number of MB molecules which adsorb to the 
synthetic cuprorivaite surface, and is more effective in this regard than Li-treatment. With fewer free 
Ca2+ ions in the solution because of the EDTA, the equilibrium is shifted and a greater overall number 
of adsorption sites are made available for MB to attach to the cuprorivaite surface. It is possible the 
silicate sheets in cuprorivaite were delaminating as a consequence of the lower concentration of 
free Ca2+ ions in solution, thus causing a greater surface area to be exposed and available for 
adsorption of MB. The use of EDTA in the MB adsorption method indicated an SSA for synthetic 
cuprorivaite between 7 – 14 m2 g-1, almost double that obtained without using EDTA. This indicates 
that EDTA has been successful at chelating to the desorbed Ca2+ ions in solution, thereby facilitating 
more functional groups to adsorb to the cuprorivaite surface.  
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Figure 3-22 shows that Li-treatment of synthetic cuprorivaite increases the number of MB molecules 
adsorbed to synthetic cuprorivaite surfaces to a similar degree to that seen with the use of EDTA. 
This is expected because Li+ ions are easier to exchange than the more tightly bound Ca2+. The 
middle plateau between 50-180 hr can be interpreted as the equilibrium position where all the 
available surface adsorption sites were occupied.  
 
A second plateau is evident around 190 hr, indicating a two-stage process like that seen before with 
untreated synthetic cuprorivaite although the onset is later. This may be because the harsh LiNO3 
treatment caused the delamination of synthetic cuprorivaite sheets, thereby forming smaller 
particles than those seen with the untreated synthetic cuprorivaite. The sheets may then have 
flocculated or coalesced until the MB exchange when these flocculates broke down, then exposing 
more easily removed Li+ ions thus resulting in this secondary plateau at a different stage.  
 
The Li+ treated synthetic cuprorivaite had an SSA of 6 – 13 m2 g-1, a substantial increase from that 
seen with untreated synthetic cuprorivaite but only slightly lower than that with using EDTA. All 
values obtained for the SSA of synthetic cuprorivaite are in the lower range of those seen for 
phyllosilicates. Both the use of EDTA and Li+ treatment of synthetic cuprorivaite were shown to be 
beneficial if adsorption of cations needs to be maximised. These methods can therefore be utilised 
in conjunction with the adsorption of functionalised ions to the synthetic cuprorivaite surfaces to 
increase particle stability. Owing to the efficacy of EDTA and the simplicity of use when compared 
with the pre-treatment needed for the Li+ method, EDTA was selected for further study. The next 
section describes the selection of appropriately functionalised cations for the formation of 
suspensions of synthetic cuprorivaite in aqueous solution.  
 
3.5.2 Ammonium Ion Adsorption 
Suitable cations were required for exchange with the surface Ca2+ ions in order to functionalise the 
synthetic cuprorivaite particles and form stable suspensions. Ammonium ions were seen as good 
candidates, owing to the success of the ammonium moieties on the MB molecule in adsorbing to the 
synthetic cuprorivaite surface. As well as an ammonium ion functionality, the candidate ions also 
need functional groups to encourage solubility and permit binding to biomolecules. A number of 
functional groups are used for the binding of biological molecules in assay work (for example amines 
and hydroxyls) but carboxylic acid groups were chosen here because the negative acid group was 
expected not to bind to the cuprorivaite surface, unlike an amine which could become an 
ammonium ion in a different pH. 
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Along with concentrated NH3 for comparison, three ammonium ions were selected along with 
Nuosperse® FX 609, a specialist pigment dispersing agent, chosen for its proven efficacy with 
minerals and pigments.191 Their structures, molecular weights and CAS numbers are displayed in 
Table 3-5.  
 
FUNCTIONAL ION STRUCTURE CAS NO. MW 
NH3 NH3 - 17.03 
O-Acetyl-L-Carnitine 
 
5080-50-2 239.70 
L-Carnitine 
Hydrochloride 
 
6645-46-1 197.66 
(3-Carboxypropyl) 
trimethylammonium 
Chloride 
 
6249-56-5 181.66 
Nuosperse® FX 609 
Neutralised salt of a polymeric carboxylic acid  
(A commercially available pigment dispersing 
agent from Elementis Specialties) 
- - 
 
Table 3-5: A table showing the different ions selected for adsorption studies 
 
The ammonium ions chosen are obviously smaller than the MB molecules used in the previous 
studies and therefore one must bear in mind that a greater number of these ammonium ions may be 
adsorbed onto the cuprorivaite surface owing to fewer steric hindrances. Nevertheless, the previous 
SSA studies provide a useful starting point for this work in terms of concentration, reaction times 
and an idea of the surface chemistry behaviour.  
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These ions were used in adsorption studies with synthetic cuprorivaite in order to produce particles 
which formed aqueous dispersions. These studies are described in the following section looking at 
the stability of the dispersions over time and at different pH values. 
 
3.5.2.1 Ammonium Ion Adsorption Studies 
Preparation of functionalised synthetic cuprorivaite particles was carried out by stirring synthetic 
cuprorivaite with 270 µM solutions of the candidate ammonium ions and EDTA, described in detail in 
Appendix 6.2. The vials were allowed to stir for 200 hr, in keeping with the reaction times of the 
previous MB studies. After this time, each reaction vial was centrifuged to separate the particles, the 
supernatant was removed and the synthetic cuprorivaite washed and suspended with H2O. 
Photographs and sedimentation times are shown in Table 3-6 for 5.6 mg/ml solutions.  
 
ION 
DISPERSION 
(AFTER 1 MIN) 
SEDIMENTATION  
TIME (MIN) 
REMARKS 
Untreated 
 
< 1 Large particles sediment quickly 
NH3 
 
~10 
Different colour from all other 
samples 
O-Acetyl-L-Carnitine 
 
> 60 
Very similar in appearance 
L-Carnitine 
Hydrochloride 
 
> 60 
(3-Carboxypropyl) 
trimethylammonium 
Chloride  
> 60 
Nuosperse® FX 609 
 
> 60 
Slightly darker than 
functionalised ammonium ion 
treated samples 
 
Table 3-6: A table showing the results of the ion adsorption and the consequent effects on the synthetic cuprorivaite 
particles 
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As Table 3-6 indicates, all reactions encouraged pigment dispersion with varying tendencies for 
eventual destabilisation and sedimentation. The NH3-treated synthetic cuprorivaite was notably 
different in colour from the other reaction vials being dark blue/grey, whereas all others maintained 
a light, bright blue colour characteristic of the original solid. 
 
Sedimentation times are defined as the time taken for all observable synthetic cuprorivaite particles 
to settle, leaving the solution clear. They are given as a guide only, and were determined by eye, 
taking an average of results over three tests.  Table 3-6 shows it is possible to increase the stability 
of synthetic cuprorivaite particles in aqueous solution by adsorbing appropriately functionalised ions 
to the mineral surface. Destabilisation times vary, with the three functionalised ammonium ions 
showing similar values. The Nuosperse dispersing agent showed the most stable dispersions with the 
longest retention of particles in solution. None of the reactions showed fully stable dispersions 
though, which limits their application as biolabels. NH3-treated synthetic cuprorivaite sedimented 
the quickest, most readily explained by the non-polar groups on the surface being less easily 
stabilised in water than the carboxylic acid groups used in the other dispersions. 
 
3.5.2.1.1 pH Stability 
There are a number of factors which influence the stability of dispersions including the surface 
functional groups, particle size, solvent and the pH of the solution. By introducing carboxylic acid 
groups onto the synthetic cuprorivaite surface, the pH of the solution can be expected to affect the 
stability by altering the electrostatic interactions between particles. Understanding the pH effects is 
important for any potential label application because of the reagent steps in immunoassays. Altering 
the pH of the particle dispersions was undertaken using O-acetyl-L-carnitine, L-carnitine 
hydrochloride, (3-carboxypropyl) trimethylammonium chloride and Nuosperse® FX 609 
functionalised particles because these modified samples were of most interest owing to the 
carboxylic acid functionality useful for biomedical applications. Figure 3-23 shows the effects of 
altering the pH on the O-acetyl-L-carnitine modified synthetic cuprorivaite particles. 
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Figure 3-23: Photographs showing the stability of O-acetyl-L-carnitine functionalised synthetic cuprorivaite particles at 
varying pH 
 
Stability remained unchanged across the pH range, with similar observations for the different 
dispersions tested. Covalently attached functional groups, such as those used with the beads in 
Chapter 2, can show a greater tendency to cause instability at different pH. The potential lability of 
the surface functional groups used here could perhaps help stabilise the particles at different pH. 
 
3.5.3 Particle Size Analysis 
For biolabelling applications, fine particles that form a stable suspension are needed. This section 
describes the particle size of the synthetic cuprorivaite before and after surface modification, along 
with efforts to separate the smallest particles from the coarser ones in order to form stable 
dispersions. 
 
After the adsorption reactions, the particle sizes were investigated using dynamic light scattering 
(DLS)  (where sedimentation did not prevent measurements from being carried out). The DLS 
derived size distribution for NH3-treated synthetic cuprorivaite is seen in Figure 3-24. It should be 
noted that this technique measures the hydrodynamic radius of the particles, not the exact particle 
diameters themselves. Each spectrum is an average of > 10 measurements. 
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Figure 3-24: The particle size distribution of synthetic cuprorivaite treated with concentrated NH3. The presence of two 
differently sized species is clear, the majority having a particle diameter of 1 μm and a small amount having diameters of 
approximately 122 nm. Spectra taken in H2O in PS cuvettes using a ZetaSizer Particle Analyser 
 
From Figure 3-24 it can be seen that the NH3 adsorption has decreased the size of the particles by a 
fifth to around 1 µm, and that a proportion of the particles are approximately 120 nm in diameter 
and hence of a size suitable for biolabels in immunoassays. It should be noted that the intensity in a 
DLS particle size distribution relates to the intensity of scattered light and therefore smaller particles 
will scatter less light than larger particles, and thus display lower intensity peaks. A table showing 
the different particle sizes of each of the different adsorption reactions can be seen in Table 3-7. 
 
ION 
PARTICLE SIZE 
(NM) 
FWHM 
NH3 
955 
122* 
405 
52 
O-Acetyl-L-Carnitine 1281 453 
L-Carnitine Hydrochloride 1198 445 
(3-Carboxypropyl) 
trimethylammonium Chloride 
1225 500 
Nuosperse® FX 609 1865 654 
 
Table 3-7: A table showing the varying mean particle sizes achieved after the adsorption of different functionalised ions 
to the synthetic cuprorivaite surface. * denotes any minor peaks 
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Table 3-7 shows that particle sizes around 1-2 µm were obtained by the adsorption of ions onto the 
synthetic cuprorivaite surface. A reduction in particle size was seen in all cases when compared with 
the starting material. A wide spread of sizes was obtained, indicated by the large FWHM in all cases, 
with NH3-treatment being the only one to yield very small particles. 
 
Sedimentation was used to sort the particles by size (with the largest particles settling first). Each of 
the dispersions prepared with ammonium ions were sonicated and allowed to settle. Aliquots of the 
dispersions were taken at regular intervals and DLS spectra recorded for each sample. The original 
concentration of each dispersion sample was 0.5 mg/ml. The results of this separation process are 
shown in Figure 3-25. 
 
 
Figure 3-25: A graph showing the average particle diameter against time allowed for sedimentation 
 
Figure 3-25 shows that sedimentation was successful at narrowing the particle size distributions for 
the functionalised particles. O-acetyl-L-carnitine, L-carnitine hydrochloride and (3-carboxypropyl) 
trimethylammonium chloride modified synthetic cuprorivaite had very similar sizes after 10 minutes 
of around 1 μm. Fully stable suspensions were not observed, even when the smallest particles were 
separated. Very dilute suspensions were used for DLS otherwise sedimentation occurred during the 
measurement process preventing reliable measurements. The smallest NH3 modified particles were 
not able to be separated in this way, with large particles still present alongside them, even at 10 
minutes just before all particles sedimented. 
 
The next, and final, section describes preliminary work undertaken to characterise synthetic 
cuprorivaite dispersions spectroscopically. The different cuprorivaite samples were compared and 
the effects of surface ion adsorption on the luminescent properties investigated. 
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3.6 Spectroscopic Characterisation 
Although fully stable suspensions of synthetic cuprorivaite could not be prepared, photophysical 
characterisation was possible. Slowly sedimenting dispersions were used diluted at a concentration 
of 2 mg/ml for absorption studies, although it should be noted that this was not constant owing to 
the sedimentation of the samples. Emission spectra were obtained by stirring solutions during 
measurements using concentrations of 5.6 mg/ml. The absorption and photoluminescence spectra 
of the bulk dispersion of NH3-treated synthetic cuprorivaite are shown in Figure 3-26. 
 
 
Figure 3-26: Absorption (blue) and photoluminescence (green) spectra of NH3-treated synthetic cuprorivaite dispersion 
 
As Figure 3-26 shows, the absorption and emission of the NH3-treated synthetic cuprorivaite 
dispersion is similar that seen with the bulk material. The absorption maximum is centred at 619 nm, 
comparable to that seen with the bulk material. The absorption band is broader in the NH3-treated 
sample, with less structure than that seen with the solid samples of synthetic cuprorivaite in Figure 
3-13. This broadening may be owing to the NH3 functionalisation, to the reduced particle size or to 
the scattering in solution. The shoulder around 800 nm is not visible owing to the noise in the 
measurement. Details of the equipment used for absorption and emission measurements are 
included in Appendix 6.1.7 and 6.1.5. 
 
Emission from the dispersion was weak, owing to the use of a dilute solution but a clear peak 
centred at 930 nm was observed, approximately 20 nm higher than the corresponding feature in the 
solid fragment. Emission spectra for all the solutions of ammonium ion treated synthetic 
cuprorivaite are shown in Figure 3-27, taken using bulk 5.6 mg/ml solutions stirred during 
measurements and excited at 633 nm with a HeNe laser (4 mW).  
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Figure 3-27: Photoluminescence spectra for O-Acetyl-L-Carnitine, L-Carnitine Hydrochloride, (3-Carboxypropyl) 
trimethylammonium chloride, Nuosperse® FX 609 and NH3 treated synthetic cuprorivaite (5.6 mg/ml), λexc = 633 nm 
 
Figure 3-27 shows the similarity in spectra for the O-acetyl-L-carnitine, L-carnitine hydrochloride, (3-
carboxypropyl)trimethylammonium chloride and Nuosperse® FX 609 treated synthetic cuprorivaite 
solutions at the same concentration. All maxima appear to be around 910 nm, akin to that observed 
with the solid fragments. Only the NH3-treated synthetic cuprorivaite shows a shift in emission 
maximum, approximately 20 nm higher than that observed with the solid fragments or other 
solutions. The emission maximum is also of a lower intensity for NH3-treated synthetic cuprorivaite 
when compared to the other dispersions. This shift and drop in signal may be owing to the nature of 
the unfunctionalised NH3 compared with the larger ammonium ions used, or to smaller particle 
sizes. One should recall that NH3-treated synthetic cuprorivaite was the only dispersion to show a 
colour change (dark blue/grey rather than bright blue). Each solution was stirred during the 
measurement so that effects of sedimentation times on the recorded signal would be minimal. 
 
Reference to a reduction in optical density of < 5 µm cuprorivaite particles by Noll et al.,192 suggests 
that particle size may influence the photophysical characteristics although further work is required 
to calculate quantum yields to verify if this is the case. (A translation of the reference is provided in 
Appendix 6.1.13). Instability of the dispersions prevented luminescence lifetimes from being 
measured. 
 
Although fully stable dispersions could not be prepared, synthetic cuprorivaite has been shown to 
retain its desirable photophysical characteristics when particle size is reduced by a factor of 5 to 
~1 µm. This is an important step forward in the development of water soluble nanoparticles of this 
historic pigment for potential use as biolabels. Highest emission intensities were obtained by using L-
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carnitine based ammonium ions, although similar results were obtained for all the functionalised 
ammonium particles. Once the stability of these dispersions is increased by further reducing particle 
size, the measurement of limits of detection can be conducted and lifetimes recorded in order to 
help assess the full extent of this cuprorivaite’s promise for use in biomedical applications.    
 
3.7 Summary 
Egyptian blue, or cuprorivaite, exhibits highly desirable photophysical properties for potential 
biomedical applications. Broad absorption in the visible region around 620 nm is well suited to use 
with standard light sources, and emission in the NIR around 910 nm avoids the autofluorescence 
region associated with biological media and microtitre plates. The luminescence of cuprorivaite has 
been attributed in the literature to the highly symmetric Cu2+ centres in the mineral lattice, although 
other square planar Cu2+ complexes have not been shown to exhibit any luminescence. This author 
believes the unique environment surrounding these Cu2+ centres in the cuprorivaite lattice are 
intrinsic to the luminescence and more needs to be done to assess the contribution from the 
surrounding oxygen ions and the part they play in the luminescent pathways. A slight shift in 
emission maximum is seen when comparing the luminescence of cuprorivaite with Han Blue, an 
analogous compound but with Ba2+ ions instead of Ca2+. Understanding the influence of these other 
lattice ions is important to understanding the highly unusual luminescent properties of these 
compounds. As a result, collaboration with Prof. Mark Riley at the University of Queensland, 
Australia has begun in order to utilise a technique called magnetic circular dichroism which can 
identify electronic transitions in crystals. It is hoped that this technique will be able to confirm the 
nature of the contributions from the surrounding ions towards the luminescence in cuprorivaite and 
thus provide a picture of why these highly symmetric square-planar CuO4
6- centres  exhibit 
photoluminescence.  
 
Synthetic cuprorivaite is a layered silicate of the phyllosilicate class and was found to have an SSA 
between 4 – 8 m2 g-1 measured by MB adsorption. Higher SSAs between 7 – 14 m2 g-1 and  
6 - 13 m2 g-1 were accessed by the use of EDTA and cation exchange respectively. Long reaction 
times, in the order of 200 hr were required, owing to the tightly bound Ca2+ ions. 
 
Functional groups can be adsorbed to the surface of synthetic cuprorivaite to form dispersions, but 
eventual sedimentation was observed in all cases. A range of ammonium ions were adsorbed to the 
synthetic cuprorivaite particle surfaces which resulted in a reduction of particle size by a factor of 
five (from 5 µm to 1 µm) with very small particles created in one case (~120 nm). Absorption and 
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emission properties were retained when particle sizes were reduced to around 1 µm, although a 
decrease in emission intensity was observed along with a shift in emission maximum for the NH3-
treated sample.  
 
Effective stabilisation of the synthetic cuprorivaite particles is now needed to enable more study into 
the photophysical properties of synthetic cuprorivaite. This could be done using the methods 
outlined here, increasing treatment times and EDTA concentrations to see if smaller particle sizes 
can be accessed. Stable suspensions would enable luminescence lifetime measurements to ensure 
the long lifetime of approximately 100 µs is still exhibited in suspension. Study and measurement of 
the surface functional groups would be advantageous, using titration and zeta potential studies. 
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Conclusions & Further Work 
 
This section summarises the work presented in this thesis on the development of luminescent 
biolabels and draws conclusions from the findings. Further work is suggested to build upon this 
foundation in order to optimise the luminescent particles and apply them to biomedical diagnostics. 
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4 CONCLUSIONS & FURTHER WORK 
4.1 Conclusions 
The work undertaken in this thesis has centred on developing luminescent labels for potential use in 
miniaturised diagnostic devices, capable of excitation by low-cost visible light sources and 
demonstrating long luminescence lifetimes for use in time-gated measurements. Two main 
candidate materials were investigated: Ru(dpp)-doped polymer beads and the historical inorganic 
pigment Egyptian blue. These materials were reported to exhibit desirable photophysical properties, 
lending themselves for the miniaturised detection systems of interest. 
 
Dye-doped polymer beads were prepared via a precipitation method, recently applied to this field. 
The chosen dye was Ru(dpp), a phosphorescent complex exhibiting lifetimes ~6 µs and capable of 
excitation using low-cost visible light sources. Candidate polymers were selected on the basis of their 
incorporation of hydrophobic and hydrophilic groups along the polymer chain to aid encapsulation 
of dye molecules and the formation of a stable suspension of beads in water, with all possessing 
carboxylic acid groups for potential linking to biomolecules. The use of single polymer encapsulants 
were tested first, providing three systems which showed bead formation and dye encapsulation 
under the chosen preparation conditions: VINNOL in DMF, PS-co-MA in DMF and PS-co-MA in 
acetone. SEM indicated that these beads showed a significant tendency to aggregate and coalesce 
and particles of non-uniform sizes were observed. Images also indicated that bead formation 
occurred through the coalescence of smaller particles during the water addition stage of the 
precipitation method. 
 
Crosslinked polymer systems, based on the three polymer/solvent combinations which showed bead 
formation previously, were then investigated to see whether a crosslinking agent could improve 
particle stability. Three candidate crosslinking agents were chosen which possessed epoxide groups 
to enable heat catalysed crosslinking of the polymer matrix. Only two combinations of 
polymer/crosslinker/solvent were shown to exhibit bead formation and dye encapsulation: 
VINNOL/PEMAGM in THF and PS-co-MA/BPA in DMF. Solvent choice was shown to have a serious 
effect on bead formation under the same conditions with PS-co-MA/BPA beads only being formed in 
DMF and aggregation observed in all other solvents tested. The presence of crosslinking agent, 
before heating, in the polymer matrix was observed to have a stabilising effect on particle size with 
uniform sized beads being formed. Coalescence of beads was observed though, leading eventually to 
film being formed. 
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Crosslinked VINNOL/PEMAGM beads with diameters ~250 nm showed a variation in particle size 
with some aggregation, albeit greatly reduced from that seen before with single polymer 
encapsulants. Dye loading above 1 % (w/w) was the maximum achieved with these beads. 
Crosslinked PS-co-MA/BPA beads with diameters ~320 nm showed excellent discrete particles with 
no aggregation or coalescence observed. Spherical, uniform beads were capable of dye loadings 
> 1 % (w/w) although aggregation was observed when 10 % was used, presumably owing to dye 
molecules collecting on the particle surface. Application of these beads in immunoassays and 
imaging studies should be considered. 
 
Both VINNOL/PEMAGM in THF and PS-co-MA/BPA in DMF prepared beads showed improved 
photostability of the incorporated Ru(dpp), with PS-co-MA/BPA demonstrating excellent results 
comparable to that seen with commercially sourced beads. Beads were readily excited using low-
cost visible light sources and emission detected around 610 nm using standard Si photodetectors. 
Both polymer matrix systems showed improved quantum yields of Ru(dpp), demonstrating their 
efficacy at shielding the dye molecules from quenching oxygen dissolved in water. Lifetimes > 5.5 µs 
were measured in both cases which were in good agreement with those desired for use in time-
gated studies. 
 
PS-co-MA/BPA 1% beads were used in limit-of-detection studies using a miniaturised time-gated 
detection system currently under development. The PS-co-MA/BPA 1% beads demonstrated limits of 
detection down to 0.004 mg/ml of beads (equivalent to 34 nM of Ru(dpp)), recommending further 
optimising and testing of these beads for use in time-gated assays. 
 
Egyptian blue (cuprorivaite) was shown recently to possess unusual luminescent properties, with 
ready excitation using visible light sources and emission in the NIR – well-suited for applications in 
biomedical detection. Solid samples of synthetic cuprorivaite were sourced and used to confirm the 
absorption maximum of this mineral at ~610 nm, emission maximum at ~910 nm and large Stokes’ 
shift. The luminescent centres in cuprorivaite are believed to be the unusual square planar Cu2+ 
centres surrounded by oxygen atoms. The luminescence lifetime of cuprorivaite was measured as 
~93 µs lending itself to potential application for time-gated detection. 
 
Cuprorivaite is insoluble in all solvents (except HF) and therefore work was undertaken to increase 
particle solubility by the adsorption of ammonium ions to the mineral surface. Cation exchange 
studies were performed using MB, used to investigate the surface properties and to calculate the 
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specific surface area as ~4-8 m2 g-1. Increased SSAs were obtained using EDTA (~7-14 m2 g-1) to 
effectively “mop-up” displaced surface Ca2+ ions thereby pushing the equilibrium in favour of MB 
adsorption. Li-treatment of synthetic cuprorivaite surfaces was also used to increase SSAs to 6-
13 m2 g-1. 
 
Ammonium ions with carboxylic acid functionality were then adsorbed to cuprorivaite surfaces, 
encouraging the formation of particle dispersions. Particles diameters were reduced by a factor of 5 
to ~1 µm with very small particles (~120 nm) observed when using ammonia. All dispersions 
retained the original bright blue colour of synthetic cuprorivaite except in the case of ammonia 
which appeared dark blue/grey. Fully stable dispersions have not yet been prepared but agitation of 
samples allowed for the measurement of photoluminescence spectra. All ammonium ion treated 
samples showed emission around 910 nm with similar intensities observed, except for ammonia 
treated synthetic cuprorivaite which showed a significant decrease in intensity and a slight red shift 
in emission maximum. 
 
4.2 Further Work 
The work outlined in this thesis provides a foundation from which optimisation of Ru(dpp)-doped PS-
co-MA/BPA beads can begin. Control of particle size would be worth investigation, it is believed that 
smaller bead sizes can be accessed by higher water addition rates, faster stirring speeds and a more 
dilute concentration of the dye/polymer/solvent solution. Determining the smallest and largest 
particles that can be formed from this polymer matrix would be advantageous to assess the 
potential applications for these beads. Increasing the dye loadings in smaller increments and 
measuring the luminescence lifetimes to monitor the decay would be useful to determine the 
optimal loading for time-gated studies. With higher dye-loadings combined with the gated detection 
system used in this work, even smaller limits of detection should be accessed. 
 
Characterising the surface of the beads by quantifying the carboxylic acid groups present (using 
titration methods) would provide important information before use in bioassays. Altering the 
concentration of crosslinker and monitoring the effect this has on the number of surface carboxylic 
acid groups and zeta potential would provide important information for understanding particle 
interaction. When altering the concentration of crosslinker it would also be advantageous to 
determine whether this affects particle diameter, as has previously been found.96 Monitoring the 
particle stability when varying the pH or ionic strength of the precipitation would provide important 
information on particle stability and whether this system could be applied to pH sensing. 
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PS-co-MA/BPA has been shown to be an excellent encapsulant for Ru(dpp) and therefore applying 
this system to use with other hydrophobic luminophores would be advantageous. Both inorganic 
phosphorescent complexes (such as Pt(II) and Pd(II) chelates) and organic fluorophores could be 
tested to see if this polymer matrix can be applied to a wider field. Quantum dot incorporation could 
also be considered. 
 
Demonstrating the binding ability of Ru(dpp)-doped PS-co-MA/BPA crosslinked beads to 
biomolecules should be carried out to assess the applicability of these beads to immunoassays. 
Using the surface carboxylic acid groups to link to biotin/streptavidin would enable the beads to bind 
to antibodies which could then be used in an assay. The low-limit of detection already seen should 
enable small volumes of analyte to be measured. 
 
Further work of stabilising synthetic cuprorivaite particles is now needed to produce fully stable 
suspensions which can then be used for more study into the photophysical properties of this 
mineral. This could be achieved using the methods outlined in this thesis, increasing treatment times 
and EDTA concentrations to see if smaller particle sizes can be accessed. Verification of the stability 
of the photophysical properties of cuprorivaite could then take place and enable the measurement 
of the luminescence lifetime to ensure the lifetime of approximately 100 µs is still exhibited in 
suspension. Study and measurement of the surface functional groups would also be advantageous, 
using titration to quantify the number of carboxylic acid groups and zeta potential studies to 
determine effective charge of the particles. Alternative methods of reducing particle size, such as 
ball-milling, could be used for comparison as well as employing an ultrasonic horn to aid the 
breakdown of cuprorivaite particles allowing faster access to smaller sizes. The use of magnetic 
circular dichroism is hoped to reveal the exact nature of the electronic transitions in cuprorivaite by 
understanding the influence of the surrounding lattice ions on the Cu2+ ion centres. 
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Details of all analytical techniques and equipment used in this thesis are detailed in this section 
along with chemical procedures. 
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6 Appendix 
6.1 Experimental Techniques 
 
6.1.1 1H & 13C Nuclear Magnetic Resonance (NMR) Spectroscopy 
1H NMR spectra were recorded using a 400 MHz Bruker-400 spectrometer. Approximately 5 
mg of sample in DMSO-d6 was used. 
 
6.1.2 Dynamic Light Scattering (DLS) 
All DLS measurements were performed on a ZetaSizer ZS instrument (Malvern Instruments). 
Dilute aqueous suspensions of beads and synthetic cuprorivaite particles were sonicated for 
3 minutes before being transferred to polystyrene cuvettes and used for analysis.  
 
6.1.3 Scanning Electron Microscopy (SEM) 
SEM was performed using a LEO Gemini 1525 FEGSEM fitted with Oxford Instruments INCA 
energy dispersive and wavelength dispersive x-ray spectrometers. SEM samples were 
prepared according to Reference 96. A dilute suspension of beads was dropped onto a 
freshly cleaved ruby muscovite mica substrate (Agar Scientific G250-3). Samples were 
allowed to dry by evaporation before being attached to pin stubs with carbon tape. The 
samples were sputter coated with a 15 nm layer of chromium and had a silver contact 
painted on. The samples were dried under vacuum overnight before being used for analysis. 
 
6.1.4 Transmission Electron Microscopy (TEM) 
TEM was performed by Dr Adrian Nightingale using a JEOL 2010 microscope fitted with a 
200 kV electron gun. TEM samples of the PAN-co-AA/Ru(dpp)3Cl2 nanospheres were washed 
with water and sonicated for 3 minutes and then prepared according to Reference 49. The 
grids, composed of a Formvar/carbon thin film on a Cu mesh support (Agar Scientific  
S162-3), were rinsed prior to use with EtOH and then rinsed with water. Grids were then 
dipped into an aqueous CTAB surfactant solution (1 mM) and washed again with water 
before being subsequently dipped into a dilute aqueous solution of the nanospheres and 
allowed to dry under ambient conditions before being used for analysis. 
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6.1.5 Photoluminescence Spectroscopy 
Chapter 2: Dye-Doped Polymer Beads 
Photoluminescence spectra were measured in quartz cuvettes at room temperature using a 
spectrofluorimeter (Horiba Jobin Yvon Fluoromax 2). 
 
Chapter 3: Egyptian Blue 
Photoluminescence spectra of solid samples were mounted onto a sample holder at 90 ° to 
the excitation source. Excitation was using a HeNe laser (4 mW) at 633 nm from Uniphase. A 
diagram of the detection set-up is shown below: 
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A helium cooled cryostat (Oxford Instruments) was used for the variable temperature 
measurements incorporated into the system above. A schematic of the cryostat system is 
shown below: 
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6.1.6 Time-Resolved Photoluminescence Spectroscopy 
Time-resolved photoluminescence spectroscopy was performed on dye-doped polymer 
bead samples to measure their luminescence decay. A time-correlated single photon 
counting (TCSPC) system (Horiba Jobin Yvon IBH, Fluorocube) was used for this purpose. An 
LED laser diode at 467 nm was used as the excitation source, and emission detected at 
613 nm. 
 
Chapter 2: Dye-Doped Polymer Beads 
Time-resolved photoluminescence traces for the lifetimes of each sample measured are 
shown below. Each trace was fitted using a monoexponential function of the form: 
 
     exp   
 
  
     
 
where t1 is the luminescence lifetime of the sample. 
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Chapter 3: Egyptian Blue 
Time-resolved photoluminescence for solid fragments of synthetic cuprorivaite was 
measured by Dr Henry Leventis. Samples were excited using an N2 pumped dye laser  
(GL-3300 Nitrogen Laser, Photon Technology International), λexc = 637 nm, pump power 
7.9 μJ cm-1. Data were fitted using a monoexponential function of the form: 
 
          
 
  
     
 
6.1.7 Absorption Spectroscopy 
Chapter 2: Dye-Doped Polymer Beads 
All absorption spectra were recorded using the in situ measurement of optical transmission 
on a Horiba Yvon Fluoromax 2 spectrometer using quartz cuvettes at room temperature. 
Chapter 3: Egyptian Blue 
Absorption spectra were recorded using a USB2000 CCD spectrometer (Ocean Optics) and a 
xenon lamp as the excitation source.  
 
6.1.8 Elemental Analysis 
Chapter 2: Dye-Doped Polymer Beads 
Elemental analysis was carried out by Mr Stephen Boyer at London Metropolitan University. 
 
Chapter 3: Egyptian Blue 
Elemental analysis was carried out by Butterworth Laboratories Ltd, Teddington, UK. The 
sample was ashed and fused in lithium borate, dissolved in dilute nitric acid and analysed by 
ICP-OES. The QC standard analysed at the end of the ICP-OES run gave a recovery of only 
92.4% for sodium. 
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6.1.9 Limit of Detection (Time-Gated Set-Up) 
Time-gated detection measurements were performed using a miniaturised circuit which is 
currently under development. A charge-integrating amplifier is used in which the input 
current charges a small feedback capacitor.  The voltage across the capacitor is measured, 
before being reset.  To correct for current leakage within the circuit, the cycle is repeated 
without the LED exciting the sample.  The lock-in amplifier locks onto the lower frequency, 
thereby removing the signal due to inherent internal charge. A schematic of the equipment 
used is shown below: 
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6.1.10 Powder X-Ray Diffraction 
Powder X-ray diffraction measurements were made by Mr Richard Sweeney at the Royal 
School of Mines, Imperial College London, UK. 
 
Name and formula 
Reference code: 00-012-0512  
Mineral name: Cuprorivaite, syn  
PDF index name: Calcium Copper Silicate  
Empirical formula: CaCuO10Si4  
Chemical formula: CaCu +2Si4O10  
 
Crystallographic parameters 
Crystal system: Tetragonal  
Space group: P4/ncc  
Space group number: 130 
a (Å):   7.3000  
b (Å):   7.3000  
c (Å):  15.1200  
Alpha (°):  90.0000  
Beta (°):  90.0000  
Gamma (°):  90.0000  
Calculated density (g/cm^3):   3.09  
Measured density (g/cm^3):   3.06  
Volume of cell (10^6 pm^3): 805.74  
Z:   4.00  
RIR: - 
 
 
Subfiles and Quality 
Subfiles: Inorganic 
 Mineral 
Quality: Indexed (I) 
 
Comments 
Color: Blue  
Optical data: A=1.591, B=1.636, Sign=-  
Additional pattern: See ICSD 26502 (PDF 74-828).  
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References 
Primary reference: Pabst, A., Acta Crystallogr., 12, 733, (1959) 
 
Peak list 
No.    h    k    l      d [A]     2Theta[deg] I [%]    
  1    0    0    2      7.63000    11.589      40.0 
  2    1    0    2      5.22000    16.972      15.0 
  3    0    0    4      3.78000    23.517      90.0 
  4    2    0    0      3.66000    24.299      25.0 
  5    1    0    4      3.36000    26.507      80.0 
  6    2    0    2      3.29000    27.081     100.0 
  7    2    1    1      3.19000    27.947      50.0 
  8    1    1    4      3.05000    29.258      40.0 
  9    2    1    2      3.00000    29.757      90.0 
 10    2    1    3      2.73600    32.705       5.0 
 11    2    0    4      2.62900    34.075      40.0 
 12    2    2    0      2.58500    34.674      40.0 
 13    0    0    6      2.51800    35.627       5.0 
 14    2    1    4      2.47100    36.328       5.0 
 15    1    0    6      2.38600    37.670      20.0 
 16    3    0    2      2.32100    38.766      30.0 
 17    1    1    6      2.27000    39.673      50.0 
 18    2    2    4      2.13600    42.277      10.0 
 19    2    0    6      2.06900    43.716       5.0 
 20    3    2    1      2.00700    45.139      20.0 
 21    3    1    4      1.97000    46.035      20.0 
 22    0    0    8      1.89000    48.104      15.0 
 23    1    0    8      1.83100    49.757      60.0 
 24    3    2    4      1.78400    51.161      40.0 
 25    4    1    1      1.75800    51.974      20.0 
 26    3    1    6      1.70400    53.751      40.0 
 27    2    1    8      1.63600    56.178      20.0 
 28    4    1    4      1.60300    57.441      40.0 
 29    3    1    7      1.57300    58.642       5.0 
 30    4    1    5      1.52800    60.546      10.0 
 31   1    0   10      1.48300    62.587      10.0 
 32    3    1    8      1.46200    63.590       5.0 
 33    4    3    1      1.45600    63.883       5.0 
 34    4    2    5      1.43500    64.931       5.0 
 35    5    1    1      1.42600    65.392       5.0 
 36   2    0   10      1.39800    66.871      20.0 
 37    3    2    8      1.38000    67.861      20.0 
 38    5    2    2      1.33600    70.420      25.0 
 39    4    3    5      1.31500    71.716      10.0 
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Stick Pattern 
    
 
6.1.11 X-Ray Crystallography 
 
 
 
CaCuSi4O10 
 
Cuprorivaite crystals on loan from the Natural History Museum, London. X-Ray 
Crystallography conducted by Dr Andrew White, Department of Chemistry, Imperial College, 
London. The coordinates for the refinements were taken from ICSD 402012, but shifted by -
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0.25, 0.25, 0 to account for the different origin (they used a -4 site, SHELX always uses a -1 
site). 
 
 
Bond Lengths 
Cu(1)-O(3)  1.9258(9) 
Cu(1)-O(3)  1.9258(9) 
Cu(1)-O(3)  1.9258(9) 
Cu(1)-O(3)  1.9258(9) 
Ca(1)-O(3)  2.3716(9) 
Ca(1)-O(3)  2.3716(9)  
Ca(1)-O(3)  2.3716(9) 
Ca(1)-O(3)  2.3716(9) 
Ca(1)- O(2)  2.6426(10) 
Ca(1)- O(2)  2.6426(10) 
Ca(1)- O(2)  2.6426(10) 
Ca(1)- O(2)  2.6426(10) 
Ca(1)-Si(1)  3.1665(3) 
Ca(1)-Si(1)  3.1665(3) 
Ca(1)-Si(1)  3.1665(3) 
Ca(1)-Si(1)  3.1665(3) 
Si(1)-O(3)  1.5868(10) 
Si(1)-O(1)  1.6025(3) 
Si(1)-O(2)  1.6259(10) 
Si(1)-O(2)  1.6338(10) 
O(1)-Si(1)  1.6025(3) 
O(2)-Si(1)  1.6338(10) 
O(2)-Ca(1)  2.6426(10) 
 
Bond Angles 
O(3)-Cu(1)-O(3)  179.61(6) 
O(3)-Cu(1)-O(3)  90.0 
O(3)-Cu(1)-O(3)  90.0 
O(3)-Cu(1)-O(3)  90.0 
O(3)-Cu(1)-O(3)  90.0 
O(3)-Cu(1)-O(3)  179.61(6) 
O(3)-Ca(1)-O(3)  105.78(2) 
O(3)-Ca(1)-O(3)  117.13(5) 
O(3)-Ca(1)-O(3)  105.78(2) 
O(3)-Ca(1)-O(3)  105.78(2) 
O(3)-Ca(1)-O(3)  117.13(5) 
O(3)-Ca(1)-O(3)  105.78(2) 
O(3)-Ca(1)-O(2)  162.63(3) 
O(3)-Ca(1)-O(2)  75.43(3) 
O(3)-Ca(1)-O(2)  78.28(3) 
O(3)-Ca(1)-O(2)  60.03(3) 
O(3)-Ca(1)-O(2)  60.03(3) 
O(3)-Ca(1)-O(2)  162.63(3) 
O(3)-Ca(1)-O(2)  75.43(3) 
O(3)-Ca(1)-O(2)  78.28(3) 
O(2)-Ca(1)-O(2)  121.25(3) 
O(3)-Ca(1)-O(2)  78.28(3) 
O(3)-Ca(1)-O(2)  60.03(3) 
O(3)-Ca(1)-O(2)  162.63(3) 
O(3)-Ca(1)-O(2)  75.43(3) 
O(2)-Ca(1)-O(2)  87.85(4) 
O(2)-Ca(1)-O(2)  121.25(3) 
O(3)-Ca(1)-O(2)  75.43(3) 
O(3)-Ca(1)-O(2)  78.28(3) 
O(3)-Ca(1)-O(2)  60.03(3) 
O(3)-Ca(1)-O(2)  162.63(3) 
O(2)-Ca(1)-O(2)  121.25(3) 
O(2)-Ca(1)-O(2)  87.85(4) 
O(2)-Ca(1)-O(2)  121.25(3) 
O(3)-Ca(1)-Si(1)  29.02(2) 
O(3)-Ca(1)-Si(1)  134.35(2) 
O(3)-Ca(1)-Si(1)  98.15(2) 
O(3)-Ca(1)-Si(1)  91.92(2) 
O(2)-Ca(1)-Si(1)  148.56(2) 
O(2)-Ca(1)-Si(1)  31.03(2) 
O(2)-Ca(1)-Si(1)  99.12(2) 
O(2)-Ca(1)-Si(1)  81.09(2) 
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O(3)-Ca(1)-Si(1)  91.92(2) 
O(3)-Ca(1)-Si(1)  29.02(2) 
O(3)-Ca(1)-Si(1)  134.35(2) 
O(3)-Ca(1)-Si(1)  98.15(2) 
O(2)-Ca(1)-Si(1)  81.09(2) 
O(2)-Ca(1)-Si(1)  148.56(2) 
O(2)-Ca(1)-Si(1)  31.03(2) 
O(2)-Ca(1)-Si(1)  99.12(2) 
Si(1)-Ca(1)-Si(1)  119.559(7) 
O(3)-Ca(1)-Si(1)  134.35(2) 
O(3)-Ca(1)-Si(1)  98.15(2) 
O(3)-Ca(1)-Si(1)  91.92(2) 
O(3)-Ca(1)-Si(1)  29.02(2) 
O(2)-Ca(1)-Si(1)  31.03(2) 
O(2)-Ca(1)-Si(1)  99.12(2) 
O(2)-Ca(1)-Si(1)  81.09(2) 
O(2)-Ca(1)-Si(1)  148.56(2) 
Si(1)-Ca(1)-Si(1)  119.559(7) 
Si(1)-Ca(1)-Si(1)  90.766(13) 
O(3)-Ca(1)-Si(1)  98.15(2) 
O(3)-Ca(1)-Si(1)  91.92(2) 
O(3)-Ca(1)-Si(1)  29.02(2) 
O(3)-Ca(1)-Si(1)  134.35(2) 
O(2)-Ca(1)-Si(1)  99.12(2) 
O(2)-Ca(1)-Si(1)  81.09(2) 
O(2)-Ca(1)-Si(1)  148.56(2) 
O(2)-Ca(1)-Si(1)  31.03(2) 
Si(1)-Ca(1)-Si(1)  90.766(13) 
Si(1)-Ca(1)-Si(1)  119.559(7) 
Si(1)-Ca(1)-Si(1)  119.559(7) 
O(3)-Si(1)-O(1)  114.50(4) 
O(3)-Si(1)-O(2)  112.72(5) 
O(1)-Si(1)-O(2)  108.11(6) 
O(3)-Si(1)-O(2)  102.91(5) 
O(1)-Si(1)-O(2)  109.90(6) 
O(2)-Si(1)-O(2)  108.48(7) 
O(3)-Si(1)-Ca(1)  46.48(3) 
O(1)-Si(1)-Ca(1)  129.44(5) 
O(2)-Si(1)-Ca(1)  122.45(4) 
O(2)-Si(1)-Ca(1)  56.49(4) 
Si(1)-O(1)-Si(1)  177.52(11) 
Si(1)-O(2)-Si(1)  148.69(7) 
Si(1)-O(2)-Ca(1)  118.83(5) 
Si(1)-O(2)-Ca(1)  92.48(4) 
Si(1)-O(3)-Cu(1)  127.73(6) 
Si(1)-O(3)-Ca(1)  104.50(4) 
Cu(1)-O(3)-Ca(1)  127.14(4) 
 
 
 
6.1.12 Electron Paramagnetic Resonance (EPR) Spectroscopy 
EPR spectra of powdered synthetic cuprorivaite (as bought) were measured with the 
assistance of Mr Daniel Sells at the EPSRC EPR Spectroscopy facility at Manchester 
University, UK. Spectra were measured using a constant microwave frequency (X-band, 
~9.4 GHz) whilst scanning the magnetic field at 5 K on powdered samples in quartz 4 mm 
diameter spectroscopy tubes. 
 
6.1.13 English Translation of Reference 192 
An English translation of the relevant section from Reference 192 is shown below: 
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“Also in Thera, one can find this blue Egyptian pigment. This is the so-called Egyptian blue, a copper 
calcium silicate of the approximate composition CaCu[Si4O10]. The compound forms a defined, 
crystalline phase. In nature, cuprorivaite is rarely found [17]. The antique pigment is artificially 
manufactured, and most likely exclusively in Egypt [18], where there was a large knowledge base in 
the manufacturing and crafting of copper containing glass and fayence. The manufacturing process 
was replicated in [19]. One obtained the compound by heating a mixture of sand and calcium 
carbonate in a relatively small temperature interval of 800-900 °C. A description of the process by 
Vitruv [20a] must be wrong, as the calcium component is missing and it prescribes the use of metallic 
copper. The Romans obviously did not know the manufacturing process from their own experience. 
Most likely, it was not systematic research but luck which led to the observation of the pigment. 
Egyptian blue/cuprorivaite is formed on fireproof stone on the lining of copper furnaces [17, 21]. The 
Egyptians may have also discovered the silicate while melting copper. The colour of the pigment is 
dependent on a certain particle size. The optimum size is approximately 5 to 50 µm, so outside the 
particle size of modern pigments. If the particle size is reduced, the compound loses a significant 
amount of depth of the colour.” 
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6.2 Synthetic Methodologies 
General Procedures. All reactions which were performed under ambient conditions unless 
otherwise stated. Where water was used it was deionised water prepared by a reversed 
osmosis system (Elga), monitored by a conductivity/resistivity meter (Thornton 200CR, 
Mettler Toledo) typically 18 MΩ. Starting materials and reagents were commercial grade from 
Sigma Aldrich and used without further purification unless otherwise stated. 
 
 
Chapter 2: Dye-Doped Polymer Beads 
 
Synthesis of PAN-co-AA (5 % w/w acrylic acid). All materials were purchased from Aldrich: 
acrylonitrile was dried and distilled under atmospheric pressure at 78 °C and acrylic acid was 
distilled under reduced pressure (25 mm Hg at 66 °C) before use. Acrylonitrile (6.8 ml, 
103.7 mmol) and acrylic acid (0.28 ml, 4.0 mmol) were added to DMSO (60 ml, anhydrous, ≥ 
99.9 %) and heated to 50 °C whilst being stirred under N2. AIBN (2 mg, 0.12 mmol) in DMSO (2 
ml) were added via syringe to initiate the copolymerisation. The reaction was stopped after 
12 hr by cooling to room temperature. DMSO (60 ml) was poured into the viscous reaction 
mixture which was then poured into distilled water (400 ml) under continuous stirring. The 
resulting precipitate was filtered and rinsed, firstly with water and then methanol before 
being dried in vacuo to give a white solid. (EI): Anal. Calcd. For C60H61N19O2: C 66.8%, H 5.6%, N 
24.7%; Found: C 66.74%, H 5.68%, N 24.62%. 
 
Preparation of PAN-co-AA Ru(dpp)-doped Nanospheres. PAN-co-AA (118.5 mg) and 
Ru(dpp)3Cl2 (1.19 mg) were dissolved in DMF (25 ml). The solution was stirred vigorously and 
to it was added dropwise NaOH (125 ml, 1 mM). The pH was adjusted to 4.0 using HCl. The 
reaction mixture was centrifuged at 3000 rpm for 15 min. The coloured residue was washed 
twice with HCl (50 ml, 10-5 M) and finally three times with water (50 ml). The residues were 
taken up in water (50 ml) and heated to 70 °C for 15 min. The residues were then centrifuged 
and taken up in phosphate buffer (50 ml, pH 7.0, IS 20 mM, 0.5 % (w/w) sodium azide, 0.5 % 
(w/w) trehalose). After sonication for 1 h, the suspensions were stored in the dark at 10 °C. 
 
Single Polymer Encapsulant Dye-Doped Beads. Polymer candidate (25 mg) and Ru(dpp) 
(0.25 mg) in DMF, EtOH or THF (5 ml) were stirred vigorously. To the reaction vial, water 
(25 ml) was added dropwise at a rate of 2 ml/min. The resulting reaction mixture was 
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centrifuged at 3000 rpm for 20 minutes and washed with water (50 ml) three times. They 
were suspended in water (25 ml) and stored in the dark at 4 °C. 
 
Preparation of Crosslinked Dye-Doped Polymer Beads. Polymer candidate (100 mg), 
crosslinker (25 mg) and Ru(dpp)3Cl2 (1 mg) were dissolved in EtOH, DMF, THF or acetone 
(25 ml). The solution was stirred vigorously whilst H2O (125 ml) was added dropwise. The 
DMF/H2O mixtures were centrifuged at 3000 rpm for 15 min and the residues washed three 
times with H2O. The residues were taken up in 50 ml of water and heated to 85 °C overnight. 
The suspensions were stored in the dark at 4 °C. 
 
 
Chapter 3: Egyptian Blue 
 
Adsorption of Methylene Blue into Synthetic Cuprorivaite Surface An aqueous solution of 
methylene blue (10 ml, 300 µM, ETH Zürich) was stirred vigorously in a sealed vial with 
CaCuSi4O10 (50 mg, Kremer Pigmente, GmbH) for a number of days. A series of identical vials 
were set up containing the aforementioned reagents. An aliquot was taken at set times from a 
new vial and an absorption spectrum recorded. 
 
Cation Exchange A 100 ml round bottomed flask was charged with CaCuSi4O10 (200 mg, 
Kremer Pigmente, GmbH), LiNO3 (65 mg), H2O (25 ml) and a stirrer bar. The reaction mixture 
was heated under reflux at 180 °C for 48 hr. The resulting mixture was filtered and washed 
with H2O to remove the excess LiNO3 precipitate. The solids were washed with H2O (200 ml), 
suspended in H2O (50 ml) and stirred for 30 min, filtered and washed again with H2O (100 ml). 
The solid was dried at 130 °C under vacuum overnight. 
 
Adsorption of Methylene Blue onto Li-Treated Synthetic Cuprorivaite Surface An aqueous 
solution of methylene blue (10 ml, 270 µM, ETH Zürich) was stirred vigorously in a sealed vial 
with Li-treated CaCuSi4O10 (50 mg, Kremer Pigmente, GmbH) at room temperature for a 
number of days. A series of identical test tubes were set up containing the aforementioned 
reagents. An aliquot was taken at set times from a new vial and an absorption spectrum 
recorded. 
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Adsorption of Methylene Blue onto Synthetic Cuprorivaite Surface with EDTA An aqueous 
solution of methylene blue (9 ml, 300 µM, ETH Zürich), EDTA disodium salt (1 ml, 10 mM) was 
stirred vigorously in a sealed vial with CaCuSi4O10 (50 mg, Kremer Pigmente, GmbH) at room 
temperature for a number of days. A series of identical test tubes were set up containing the 
aforementioned reagents. At each time interval an aliquot was taken from a new test tube. An 
aliquot was taken at set times from a new vial and an absorption spectrum recorded. 
 
Preparation of Functionalised Synthetic Cuprorivaite Particles An aqueous solution of 
functional ion (as shown in Table 3-5) (9 ml, 300 µM), EDTA disodium salt (1 ml, 10 mM) was 
stirred vigorously in a sealed vial with CaCuSi4O10 (50 mg, Kremer Pigmente, GmbH) for 200 hr.  
 
 
